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ABSTRACT 
 
Corn and soybean meals are major feed ingredients for livestock producers. The 
first part of the research studies the effects of renewable fuel standard mandate on the 
U.S. beef and dairy sectors. A dynamic and recursive partial equilibrium model was 
developed to study the effect of renewable fuel standards on beef and dairy sectors. The 
study finds that feed cost shocks have significant impact at feedlot level and relatively 
less effect for cow-calf and milk producers. No major changes were found at the retail 
level. Given the projected corn prices are expected to be lower in the coming decade 
than the record high price observed in 2011, the results also suggest that the higher 
returns provide economic incentives for expansion of the beef and dairy sectors in the 
future. 
The second part of the research employs an application of hedonic pricing model 
for whole algae and post-extracted algae residue meal for aquaculture. Prices and 
nutritional characteristics of commonly applied aquaculture feed ingredients are used to 
determine the value of whole algae and post extracted algae residue based on its dietary 
composition. The research finds that whole algae will have value higher than that of 
soybean meal and lower than that of menhaden fishmeal. The results also indicate that 
post extracted algae residue will have value lower than that of soybean meal and 
menhaden fishmeal.  
The third part of this research estimates the economic feasibility of biofuel 
production and high value squalene from a tobacco biomass. Pro-forma stochastic 
 iii 
 
 
financial statements were constructed and the feasibility of multi-year financial projects 
were evaluated. The results suggest the commercialization of biofuel production from 
tobacco is unrealistic. The results also indicate the economic feasibility of high value 
squalene is realistic under the certain conditions.  
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1. INTRODUCTION 
 
Renewable fuel production has become more prevalent due to the depletion of 
fossil fuels, global warming, and pollution. Due to increased popularity and biofuel 
mandates, renewable fuel production has been increasing rapidly for the last decade 
(Rosentrater 2011). To encourage the production and consumption of biofuels, 
Environmental Protection Agency (EPA) implemented a renewable fuel standard (RFS) 
program in 2005. A RFS mandate requires a specific amount of biofuel to be used in the 
U.S. motor fuel supply, regardless of the cost of production. In 2011, the EPA released 
the final documentation regarding a second RFS, the RFS2. RFS2 is a modification of 
the original RFS mandate, in which the program required 7.5 billion gallons of 
renewable fuel to be blended into gasoline by 2012. RFS2 has been expanded in a way 
that the volume of renewable fuel required to be blended into gasoline and diesel totals 
36 billion gallons by 2022. Out of 36 billion gallons, production of corn based ethanol 
can contribute a significant portion (15 billion gallons). As well as now being an 
important fuel crop, corn has traditionally and currently is an important feedstock for 
animal nutrition. In particular, corn accounted for 94% of grains fed to animals in 2009-
2010 (National Research Council 2011). A rapid increase of corn use in ethanol 
production has switched the role of the crop from ‘food and feed’ to ‘food, feed, and 
fuel’ crops (Wisner et al. 2011). The recent drought has raised concerns about available 
corn supplies, corn prices and the consequences to end users. Corn price has been 
increasing dramatically and was recently about $7/bu. Given the livestock producers are 
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major consumers of corn and corn based feed, the next three sections of this dissertation 
aims to study the consequences of feed cost shocks as a result of RFS2 mandate on the 
U.S. beef and dairy sectors. Section 2 describes the background, literature review, and 
the theoretical relationship of feed cost shocks on the U.S. beef and dairy sector. In 
Section 3, the study aims to find the impacts of feed cost shocks on the U.S. beef sector. 
In Section 4, the impact of feed cost shocks on the U.S. dairy sector is analyzed. 
            The second part of this dissertation estimates the value of whole algae and post 
extracted algae reside for aquaculture. Algae have been presented as an alternative fuel 
feedstock. Co-products like feeds for aquaculture can be highly beneficial to the 
economic feasibility of the algae industry. Specifically, post extracted algae residue is an 
algal biomass that has had the lipids removed and can be a valuable feed ingredient for 
animal diets. In Section 5, the study aims to estimate the value of whole algae and post 
extracted algae residue specifically for aquaculture. Traditionally, a fishmeal has been a 
dominant feed ingredient in aquaculture diets. The potential partial substitution of a 
fishmeal with algae has been widely suggested. As there is no market for algae, the 
hedonic pricing techniques are applied to determine the approximate values of whole 
algae and post extracted algae residue for aquaculture. 
            Energy prices continue to climb and there has been an increasing interest in 
alternative, renewable energy sources. As alternatives to fossil fuels have been sought, 
tobacco plant has been discovered to have a potential of being a next generation biofuel. 
Tobacco biomass contains a special hydrocarbon, squalene, that can be refined into a 
finished motor fuel. The feasibility of producing biofuel from a tobacco plant has not 
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been analyzed yet. Section 6 of the research aims to bridge this gap and estimate the 
economic feasibility of biofuel production from a tobacco biomass. Additionally, the 
study estimates the potential commercialization of high value squalene from a tobacco 
biomass. 
            Finally, Section 7 summarizes the findings of the essays. 
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2.  ECONOMIC IMPACTS OF FEED COST SHOCKS ON THE 
U.S. BEEF AND DAIRY SECTORS 
 
2.1. Statement of the Problem 
            Beef and dairy sectors are major consumers of corn and corn based feed, 
accounting for the majority of grain based diets in these sectors. The future of these 
sectors heavily depends on feed availability and the subsequent costs. There is a 
controversy regarding the positive and negative aspects of the current RFS program and 
its impacts on the beef and dairy sectors. For example, opponents of the RFS program 
argue that artificial demand for corn increased the prices of feed; there exists a shortage 
of corn to satisfy market driven demand for beef and dairy feed; and inflated prices have 
contributed to losses for cattle feeders. On the other hand, proponents of the RFS could 
argue that a high percentage of a beef cow’s weight comes from pasture and forage, not 
corn; ethanol production helped increase the supply of cattle feed because of by-products 
produced after removing the starch from the corn; increased corn prices are primarily 
caused by other unspecified factors rather than the RFS mandate; and corn accounts for a 
small portion in the cattle diet and overall feed prices are increased because of limited 
hay and pasture for grazing due to extremely dry conditions. None of these hypothetical 
arguments could be taken seriously unless the validity of each point is fully studied.  
            Analyzing beef and dairy sectors are more complex than for non-ruminant 
species due to its long production lag. The time between breeding parent stock and retail 
sales of fresh product from the resulting offspring ranges from 10 months for milk to 
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about 30 months for beef (Wisner et al. 2011). Given that fact, producers working in 
beef and dairy sectors do not have the ability to quickly respond to input price increases 
by supply reduction. 
2.2. Objective of the Research 
            The objective of this research is to analyze the economic consequences of the 
current agricultural policy in the U.S. dairy sector and the impacts of the feed cost 
shocks on the beef and dairy sectors. The effect of the current policy and the exogenous 
shocks will be analyzed along with different scenarios (potential changes in the 
program) and their subsequent economic impacts on cattle and dairy feed sector. 
2.3. Literature Review 
            Wisner et al. (2011) describe the fact that the dairy industry experienced severed 
losses in 2009 – 2010, triggered by rising feed costs and reduced exports. The research 
states that the sector is re-covering and beginning to expand although returns were still 
depressed in early 2012. The authors argue that if current expectations of much slower 
growth in ethanol demand and increasing U.S. corn yields materialize, the dairy industry 
will continue its long-term expansion with increasing efficiency and productivity. 
            Urbanchuk (2012) analyzed the effect of waiving the 2013 RFS2 requirements on 
total need feed costs for beef cattle, dairy, swine and poultry in the United States. The 
author evaluated two scenarios for biofuel production: A “low scenario” in which 
ethanol production in 2013 is reduced by 3.7 % compared to 2012, and biodiesel 
production is reduced by 50% below 2012 levels; and a “high scenario” in which ethanol 
production in 2013 is reduced by 10.5% compared to 2012 levels. The results indicated 
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that the decrease of corn and soybean prices would slightly increase availability for 
feeding. On the other hand, accounting for the price change effects of distillers grains 
with soluble (DDGS) and soybean meal, the change in total net feed costs for livestock 
would either increase slightly or decrease by a negligible amount.  
            The research published by Food and Agricultural Policy Research Institute 
(2012) argues that reducing the overall RFS would have a small negative impact on the 
corn price relative to the  baseline because overall ethanol use and production are 
projected to be motivated mostly by crop and fuel market conditions in the current 
marketing year, not the RFS. In other words, blenders would be driven by the market to 
blend due to relative prices, not the standard.  
            Irwin and Good (2012) analyze whether a waiver would reduce ethanol 
production and corn usage in the ethanol sector. They argue that, there would be no 
incentive to actually reduce ethanol production and blending below the limit, thus corn 
consumption could still be the same level. Given the fact that ethanol price is lower than 
gasoline price, refinery companies might still buy the amount required by the RFS. The 
study shows that a partial waiver of the mandate, reducing the standard down to 11 
billion gallons, most likely will not impact the market price or quantity of either ethanol 
or corn. They conclude that if there are no large changes in the economic incentives to 
blend ethanol with conventional gasoline, the price of corn and feed available for 
livestock will be unaffected.  The authors suggest using other policy options to aid the 
impacts on the livestock sector that include, but are not limited to, direct payments, corn 
export restrictions, quotas on ethanol, or introducing other corn processing uses. They 
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believe that these are not attractive from either a practical or political standpoint. 
            Tyner, Taheripour, and Hurt (2012) analyzed the impact of drought and the 
potential RFS waiver on the corn and ethanol markets. The authors argue that if 
refineries and blenders have flexibility to reduce ethanol usage in the short term, use of 
prior blending renewable identification number (RIN) credits and/or waivers could 
reduce the corn price by around $1.30/bu for a large waiver or $0.47/bu for a modest 
waiver. The authors did not do an extensive analysis of the impacts on feed for the 
livestock industry. They do suggest evaluating the effects of lowering the mandate on 
distillers grains, soybean meal, forages and other feed materials used in the livestock 
diet. This research emphasizes that due to the fact that the refining industry could have 
flexibility, a waiver would help livestock producers and ultimately consumers. Due to 
the long biological lag discussed earlier in this manuscript, the effect will not be 
noticeable in the short run.  
            Babcock (2012) presented estimates of the economic impacts of low US corn and 
soybean yields along with U.S. biofuel mandates. The author used a stochastic partial 
equilibrium model to solve for equilibrium prices of US ethanol, Brazilian sugarcane, 
US biodiesel, corn, soybeans, soybean meal, and soybean oil. The author ran and 
compared three mandate scenarios. The first scenario assumes no flexibility; meaning 
that the renewable fuel mandate must be met in full. The second assumed a 2.4 billion 
gallon of ethanol waiver and the third analyzes a full waiver. The results indicated that 
going from full mandate to flexible mandate, the average price of corn drops by $0.91 
per bushel and both soybean and soybean meal prices do not change. On the other hand, 
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going from full mandate to no mandate, corn price, on average, would drop by $1.19/bu 
and soybean and soybean meal prices would increase by $0.74/bu and $23/ton, 
respectively. 
            Stillman, Haley, and Mathews (2009) indicate that supply response in livestock is 
hard to analyze due to long biological lags in that sector. The authors give the argument 
that as producers make their livestock-production decisions, feed prices and other 
decision making factors might change and one could make an inaccurate conclusion  
            Babcock and Fabiosa (2011) analyzed the causes of the corn price increase 
between 2005 and 2009. They partitioned the causes into three causes: those due to non-
ethanol factors, those due to the increase in ethanol production from all other market 
causes, and those due to the increase in ethanol production caused by mandates and tax 
credits. The results indicated that the increase in ethanol production contributed 36% to 
the average increase in corn prices. The authors also found that government policies that 
resulted in RFS2 contributed only 8% to the increase. The authors believe that the small 
impact of RFS mandates on livestock feed prices are realistic whereas the remaining 
92% of the increase was due to increases in ethanol production caused by other market 
forces. 
            Taheripour, Hertel, and Tyner (2011) examine the impacts of an expanding 
biofuels industry on global livestock production. They offered a computable general 
equilibrium analysis. The authors developed four experiments to decompose the links 
between biofuels, livestock, crops, food, and feed industries to investigate competition 
among these sectors for land. The first experiment conducted by the authors was referred 
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to as the ‘full experiment’ which featured all of these linkages. The results obtained 
under the ‘full experiment’ indicated that biofuel mandates sharply increase the 
production of coarse grains in the U.S. (by 11.2%). Given this circumstance, the U.S. 
experiences a minor reduction in the livestock and processed livestock products. 
Ruminant and dairy farms experience the lowest reduction given the fact that DDGS are 
highly substitutable commodities. Moreover, the biofuel by-products greatly mitigate the 
negative welfare consequences of higher crop prices. Production of DDGS are expected 
to increase by 181.8%. The results of the full effect also showed that the biofuel 
mandates increase the price of U.S. and E.U. pasturelands by 17% and 29%, because 
more pastureland has to be converted into crop land due to increased production. The 
authors showed that renewable fuel mandates will decrease the cost share of coarse 
grains in feed rations in both the U.S. and EU. The ruminant meats industry and dairy 
farms benefit the most from the expansion of DDGS relative to other livestock 
industries. In particular, the cost share of DDGS in the U.S. for ruminant industry and 
dairy farms are projected to increase from 4.8% to 12.5% and from 3.8% to 10.3%, 
respectively. The results also showed that the mandates are expected to increase areas 
under production of oilseed, coarse grains, and sugar crops as well as decrease areas 
under production of rice, wheat, and other agricultural commodities. In the second 
experiment, the authors assume that demand for food items are fixed in case of biofuel 
mandates. Given that assumption, the results showed that the prices of coarse grains and 
oilseeds in the U.S. increase by 13.9% and 12.7%. The third experiment extends the 
second experiment to add an additional assumption that livestock producers do not use 
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renewable fuel by-products. Although this assumption is unrealistic, the authors 
nevertheless provided detailed results to represent the importance of DDGS. The results 
showed that the prices of all crops and livestock commodities increase much more than 
under the full effect experiment. The fourth experiment extends the third under a new 
assumption that the biofuel and livestock industries do not compete for land. In this case, 
the results showed that prices of crops increase, but significantly less than results 
obtained under the experiment excluding by-products. 
            Anderson, Anderson, and Sawyer (2008) examined the degree to which costs in 
the livestock and dairy industries can be mitigated with alternative feeds. The research 
focuses mainly on the beef and dairy sectors. A vector error correction model (VECM) 
of corn and DDG prices was proposed to explore the relationship between these 
commodities. The authors find a structural change in 1988 and divide the subsequent 
estimation. The authors estimate three separate VECMs including the entire time period 
and the time periods 1982-1988 and 1989-2007. Their results showed a positive 
relationship between changes in corn and DDG prices. DDG price changes appeared to 
be more closely related with corn prices in the later period than that found prior to 1988. 
The authors find that, DDG will be relatively inexpensive not in any absolute sense. 
They argue that DDG prices will become more volatile in the future, also emphasizing 
that the increase in feed costs over the last 2 years has added $3-4 in total dairy cash 
expenses per cwt of milk produced. The authors conclude that producers in the Southern 
U.S. will have a competitive disadvantage due to their location relative to producers 
closer to renewable fuel by-product feeds.   
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            Anderson et al. (2008) found that corn prices have had little impact on rising 
food costs. Those high prices are associated with the other factors and are unrelated to 
ethanol prices. Their results also indicated that the prices of both corn and ethanol do not 
reflect the impact of higher feed costs. The authors find that waiving the RFS does not 
decrease corn prices noticeably, the ethanol industry has grown in excess of the RFS, 
meaning that relaxing the standard would not necessarily cause the industry to shrink. 
            Elobeid et al. (2006) analyzed the effects of increased U.S. ethanol production on 
grain and livestock sectors in the United States. The authors used partial equilibrium 
models for their analysis. The research did not take into account the possibility of using 
ethanol by-products for animal feed. Given that fact, their results might not be accurate 
as the share of by-products in feed rations have been increasing dramatically. 
             Tokgoz et al. (2007) study the effects of biofuels on oilseed and livestock 
markets. The authors used a multi-product, multi-stage, and multi-country partial 
equilibrium model. Their results show that increased biofuel production has a high 
impact on increased crop prices in the long run. According to the study, livestock farm 
gate prices will go up enough to cover the increased feed costs. 
            Chen et al. (2012) study the impacts of RFS on land use, food, and fuel 
production prices in the U.S. The authors used a dynamic equilibrium model to examine 
the markets for fuel, biofuel, feed crops, and livestock during the period from 2007 to 
2022. Their results showed that the RFS leads to a 6% increase in total cropland. The 
authors find that there is a 4.7 million hectare increase in land for corn in 2022; corn 
production and prices will be 18 and 24% higher than in the case without RFS. The 
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authors also find that beef prices will be 8% higher than in the case without government 
intervention. 
            A recent study, published by National Research Council (2011), report that the 
RFS2 program will increase agricultural yields and improve the efficiency of converting 
biomass to fuels. Also, the study finds that implementation of RFS2 will create 
competition among different land uses and it will most likely increase the cost of feed 
production. Additionally, the research claims that an important factor that contributed to 
increased prices of agricultural commodities and livestock feed since 2007 was the 
implementation of the mandate program. This underlines the fact that biofuel production 
is mainly from corn and soybean and it has a negative impact on livestock producers. 
2.4. Proposed Methodology 
          The effects of the feed cost shocks and their possible changes on the U.S. beef and 
dairy sectors can be estimated by computing equilibrium price and quantity under 
change(s) and measuring subsequent changes in the proposed sectors. Using partial 
equilibrium modelling, a non-linear optimization method is employed in the study. The 
objective is to minimize the squared difference of the excess supply in all markets in a 
given year. The i subscript represents the analyzed market.  
min⁡∑(𝑆𝑢𝑝𝑝𝑙𝑦𝑖 − 𝐷𝑒𝑚𝑎𝑛𝑑𝑖)
2                                                                                    (2.1) 
The method is dynamic and recursive and each endogenous variable is explicitly traced 
through time. The entire model is solved sequentially one period at a time. The 
endogenous variables are solved in a given year, then used as predetermined variables 
for the next year. 
 13 
 
 
            The current study aims to estimate structural producers’ supply and demand 
functions for the beef and dairy sectors given, that feed costs and biofuel sectors are 
exogenous. Prior hypotheses are that, the feed cost shocks will affect output price, 
receipt, income, and feed costs. These changes will affect the producers’ supply side and 
also their demand for inputs. The RFS2 has an indirect effect on beef and dairy sectors, 
because the mandate will affect the proposed sectors through changes in the costs of feed 
ingredients. The model will be estimated by running the two scenarios, the baseline 
scenario, where cost of the feed ingredients will be used by incorporating the RFS2, and 
the alternative scenario, where the conditional forecast will be presented based on 
relaxing the RFS2 mandate. These costs for both scenarios will be exogenously 
incorporated in the model and the details are discussed later.  
            Taylor, Reichelderfer, and Johnson (1993) describe that modeling large-scale 
systems have long been viewed as a valuable method to assess the consequences of 
policy changes. The argument is, policy changes have significant impacts on U.S. 
agriculture in the short-run, which can have long-run structural implications. Large-scale 
models can be used as a tool to provide quantitative evaluations of U.S. policy changes. 
The proposed annual model is used to project key agricultural variables and can be used 
as a reference for comparison in policy analyses. Additionally, changes in 
macroeconomic variables such as food expenditure growth, GDP deflator, population 
growth are incorporated to evaluate the overall impact. Both beef and dairy sectors will 
be solved iteratively to obtain a simultaneous solution, given the policy change, 
macroeconomic impacts, as well as other assumptions regarding exogenous factors. The 
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solution is obtained when the squared difference between the supply and demand in each 
market are minimized and the vector of prices and other endogenous variables are 
estimated for all component models. The model is recursive and the estimated vector of 
prices and endogenous variables in the given year will be used to solve for the 
endogenous variables in the following year.  
2.5. Expected Effects of Different Market Participants 
2.5.1. Relationship between Feeder Cattle Price, Fed Cattle Price, and Corn Price 
            Relationships between feeder cattle markets, fed cattle prices, and the corn 
market are complex processes. Feeder cattle and corn are inputs into the production 
process and feeder cattle demand is determined by the anticipated demand for fed cattle. 
The simplified short run theoretical relationship between the feeder and fed cattle 
markets is presented in figure 1. The graph is composed of three parts and the top left 
section represents the feedlot level, the top right represents corn market, and the bottom 
part describes the relationship at the feeder level. The graph illustrates that initially the 
feeder and fed cattle prices are represented at the equilibrium by 
𝑃𝑓𝑒𝑒𝑑𝑒𝑟⁡𝑐𝑎𝑡𝑡𝑙𝑒 ⁡and⁡𝑃𝑓𝑒𝑑⁡𝑐𝑎𝑡𝑡𝑙𝑒, respectively. The increased demand on corn due to RFS2 
results in the higher corn price. The higher corn prices increases the marginal cost of 
services at the feedlot level. Given that corn is one of the derived input demands for the 
fed cattle market, the higher marginal cost results in a decrease in demand for the inputs, 
which reduces the price of the feeder cattle in the short-run, and the value of fed cattle 
increases due to lower supply. The short run change in the prices at feeder and fed cattle 
level are represented by 𝑃′𝑓𝑒𝑒𝑑𝑒𝑟⁡𝑐𝑎𝑡𝑡𝑙𝑒⁡ and⁡𝑃′𝑓𝑒𝑑⁡𝑐𝑎𝑡𝑡𝑙𝑒, respectively. 
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Figure 1. The short run relationship between the feeder and fed cattle markets as a 
result of the increased ethanol demand for corn 
 
            The short-run theoretical relationship has been supported by the literature as 
well. Feuz (2011) discussed that there has been an inverse relationship between the price 
of corn and the price of feeder cattle in the short-run. Fox (1996) discussed the short 
term effect of $1/bushel increase in corn price resulted in a $7/cwt decrease in the value 
of feeder cattle. Maday (1996) found that a $0.1/bushel increase in the price of corn 
reduces the price of feeder cattle by $0.75/cwt, on average. Marten (1988) reported that a 
$0.1/bushel increase in the price of corn decreases the value of feeder cattle by 
$0.65/cwt in the short run. Anderson and Trapp (1997) used break-even budgeting 
analysis and found a $1/bushel increase in corn price would decrease the value of feeder 
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cattle by $7.5/cwt and increase the price of fed cattle by $1.6/cwt. Brown (1994) found 
that a $0.5/bushel increase in the corn price will cause the feeder cattle price to decline 
by $1.50/cwt.  
            The long-run effect of this relationship is more difficult to analyze because as the 
supply of feeder cattle changes, including feedlot capacities, the value of feeder cattle 
does not solely depend on the feed costs. Anderson and Trapp (2000) concluded that 
feeder-calf prices are less responsive to changes in corn prices in the long-run. The 
authors argue that adjustments to cattle feeding program mitigate the effect of corn price 
changes to feeder cattle prices. On the other hand, the higher feed costs are expected to 
put downward pressure on the U.S. herd size in the long-run. Aggressive bidding by the 
feedlots due to tight supplies is expected to put upward pressure on the feeder cattle 
prices. According to Hurt (2013), “The combination of excess capacity and high fixed 
costs means that both will tend to bid strongly for the limited cattle numbers.” Although 
the higher feed costs would likely put the upward pressure on fed cattle prices in the 
long-run, the expected change in the value of the feeder cattle is difficult to analyze. 
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 2.5.2. Beef Cow Slaughter and Beef Heifers Added  
            An inverse relationship has been observed in the short-run response between 
cattle slaughter and marginal returns. The relationship has been reported in the literature 
decades ago. Reutlinger (1966) observed an inverse relationship between the cattle 
slaughter and the output price. His analysis showed that in the short-run, as marginal 
returns increase, the number of cattle slaughter decreased. Given the output price is 
linked with the marginal returns, the relationship can be generalized in terms of the 
returns. Jarvis (1974) also discusses that slaughter numbers of both, beef cows and 
heifers, are inversely related to the marginal returns in the short-run. Eight years later, 
Bessler and Brandt (1982) also found the short-run quantity response to price is negative 
for cattle slaughter. The authors explain that “treating cattle as both investment goods 
and as final products will generate the negative short-run response of quantity to price.” 
Brown (1994) showed an increase in marginal returns had a negative impact on the 
slaughter rate and a positive effect on the heifers retained. A relatively recent study done 
by Hebert (2011) also showed that feed cost shocks will cause farmers to sell off their 
cattle earlier when prices of feed increase.  
            Given feed cost shocks decrease the marginal returns, it is expected that more 
beef cows will be slaughtered in the short-run. Relatively larger slaughter will result in 
an increase in beef production in the short-run. An increased slaughter rate and relatively 
fewer heifers retained in the herd will likely result in lower beef supply and possibly a 
higher output price in the long-run.  
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2.5.3. Beef and Dairy Product Production 
            The production of beef and the market’s reaction to feed cost shocks is difficult 
to analyze due to the long biological lag of the sector. As explained in the previous 
section, other things equal, the higher feed costs are expected to increase the beef 
production in the short-run. A disinvestment decision will result in an increase in the 
number of cattle slaughtered in the short-run. Given higher input costs provide 
incentives to retain fewer replacement heifers in the herd, beef production will 
eventually decrease in the long-run. For example, Brown (1994) examined the response 
of feed cost shocks in the beef industry. His analysis showed the short-run impact from a 
$20/ton increase in the soybean meal price implied an increase in beef production by 3.5 
million pounds. The study showed the long-run impact of higher feed cost prices 
resulted in production falling, due to fewer heifers being added to the cow herd. No 
substantial change was observed in the sector.   
            Expected results for the dairy sector is also difficult to analyze due to high 
government interventions. Higher feed costs are expected to have a minor impact in the 
short run and change in aggregate milk production may be negligible. As the sector has 
time to adjust in the long-run, the change in milk production is expected to be more 
noticeable. Theoretically, lower milk production means that less milk is going to be used 
in each market. Brown (1994) found that the long-run drop in milk production exceeded 
the short-run decline. His analysis also showed that the change in production in other 
sectors was negligible due to low supply response captured in each of the regions 
examined in the study.  
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2.5.4. Domestic Demand and Retail Market 
            Two main variables that drive domestic demand are the own price of the 
commodity and income. Although the retail price itself is determined by the consumer 
demand, it is also important to consider the interaction between food manufacturers, 
distributors, and retailers. Additionally, if the product requires more processing and 
packaging, as presented in the dairy sector, these products are less expected to be linked 
with the incurred feed cost shocks at the farm-level.  
            Retail stores sell more than one product, because of this the average cost or the 
marginal cost cannot be measured because there is no measure of output (Carlton and 
Perloff 2004). For the sake of simplicity, suppose the retail store sells only two 
commodities, 𝑞1 units of beef and 𝑞2 units of cereal. To define the marginal cost of 
selling beef at any output level, it is necessary to account for not only how much beef is 
being sold, but also how much cereal. The marginal cost of services, including selling, of 
the beef is the partial derivative of 𝐶(𝑞1, 𝑞2) with respect to 𝑞1 (Carlton and Perloff 
2004). Considering the fact that the retail stores sell more than two products, the feed 
cost shocks occurred at the farm-level will unlikely have a high impact on final 
consumers. To support the aforementioned argument, various research reports have 
indicated that retail grocery prices are insensitive or unresponsive to the cost of corn 
used in production. For example, Leibtag (2008) argues that in case of shocks in the food 
production system, most retailers respond by passing on a small fraction of their costs to 
consumers. His study discusses that the challenge for the food retailer is to develop a 
strategy that distributes the costs of providing both food and services to customers across 
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the large variety of available products. Brown (1994) found no major change in the beef 
retail sector after shocking the feed costs. According to the USDA report (2012), the 
impact of both the drought and high corn price on retail prices is negligible. The study 
reports that the impact of high feed prices on retail beef prices are small since the beef 
retail prices had already reached a record high before the drought occurred. Further, 
Leibtag’s (2008) assumed producers do not change their animal feeding strategies. His 
analysis showed average meat retail prices would rise by 6 cents per pound.  
            Assuming that retail price is the most important variable in determining the final 
consumer demand of the commodity, expected change in total demand is unlikely to be 
major. In the case of the beef sector, short-run expectations are higher numbers of 
animal slaughtered in the short-run, which will result in a slight increase in beef 
production. The increased production will put downward pressure on beef retail price in 
the short-run, which would result in a decline in domestic demand. The long-run 
expectations are relatively lower supply, a higher beef retail price, and a lower domestic 
demand.  The magnitude of change in the demand would depend on the responsiveness 
of the beef retail price both in the short-run and the long-run.  
            Feed cost shocks on the dairy domestic demand is expected to have a minor 
impact. Given that retail prices affect consumption, the USDA (2012) analysis showed 
that the impact of feed cost shocks on dairy retail prices was offset by an increase in 
milk production, which resulted in no significant changes to the retail sector.  
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Moreover, high government regulations in terms of minimum pricing is expected to 
offset any changes in input costs at the farm-level. For example, Brown (1994) found 
that feed cost shocks had no impact on the dairy sector at retail level. The expected 
change in the domestic demand is expected to be minor.  
2.5.5. Export Market 
            The impact of higher feed costs on the export market will mainly depend on 
domestic price and available production of the given commodity. The theoretical 
relationship of the international market can be demonstrated in the three panel diagram 
presented in figure 2. With this three panel diagram, it is possible to explore the most 
basic form of international dependence between countries. If an adverse shock occurs in 
the U.S. due to higher feed costs, shifting its supply function to the left will raise prices. 
Change in export quantity demanded in the domestic market will decrease. In other 
words, an internal event in the domestic market will theoretically affect an importing 
country through changes in their domestic market.  
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Figure 2. Theoretical impact of feed cost shocks on international market 
 
            An actual relationship is difficult to predict because the export demand also 
depends on the relative prices and production in the importing country. For example, 
about 50% of nonfat dry milk production is being exported from the U.S., mainly to 
developing countries. Even though the corn price has reached a record high in the past 
years, export demand has sharply increased and reached a record high in 2012. 
Theoretical expectations indicate feed cost shocks will reduce export demand in the 
domestic market because of decreased domestic supply and a higher domestic price. 
Impact of feed cost shocks on the export market is expected to be minor based on 
theoretical considerations presented for production and retail markets. 
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2.5.6. Beef Cows 
            Due to the long biological lag, feed cost shocks are expected to have a relatively 
larger impact on beef cow inventory in the long-run, than in the short-run. Increased feed 
costs decrease the marginal return to the producer, and this puts downward pressure on 
the investment decision. Theoretically, the reduced marginal returns would likely result 
in more beef cow slaughter in the short-run (disinvestment decision) and incentivizes 
producers to retain relatively fewer heifers (investment decision). It is expected that 
higher feed costs will have an impact on cattle inventory, especially in the long-run. The 
magnitude of change in the beef cow inventory will also depend upon the substitutability 
of feed ingredients to replace corn and soybean meal with relatively cheaper feed 
ingredients.  
2.5.7. Milk Production  
            Total U.S. milk production depends on the available dairy herd size per state and 
the milk output per cow. Milk output per cow has been increasing significantly over time 
due to technological advances and the standardization of pasteurizing milk. The yield per 
cow is expected to grow in the future and feed cost shocks are likely to have relatively 
less response on the yield per cow. Higher feed costs directly reduce the marginal 
returns, which incentivizes dairy producers to reduce herd size. Theoretically, the impact 
is still difficult to analyze since farmers have an option to sign up for dairy producer 
margin protection program (DMPP) which is insurance that provides a floor for 
producers’ margins. Given that this program offsets low margins caused either by low 
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milk price or high input costs, the expected change in the dairy herd size as a result of 
solely higher feed cost shocks is difficult to predict.  
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3. THE U.S. BEEF MODEL 
 
3.1. The U.S. Beef Supply 
            The aforementioned methodology was used to solve for the vector of prices for 
the primary endogenous variable, beef retail price, and other endogenous variables for 
the years of 2014-2023. Thus, the squared difference of total beef supply and total beef 
demand was minimized. Both components, beef supply and beef demand, are functions 
of a set of other endogenous and exogenous variables. The details are discussed in the 
subsequent sections.  
            As pointed out in the previous sections, the supply structure of the U.S. beef 
sector is fairly complex. There is a long market channel that begins with cow-calf 
producers and ends with a final beef product being purchased by consumers. Changes in 
supply can be initiated by an initial decision by cow-calf producers to either expand or 
contract their herd size. The decisions made by cow-calf producers will ultimately affect 
beef production and final retail price to the consumers for a particular year. Given the 
long biological lag, the time difference between breeding animals and fed slaughter 
numbers can take up to 30 months. The model depends heavily on lag structures to 
account for biological sequences in the respective production processes.  
            The structure of the model is as follows: the equation of a proposed variable of 
interest will be represented as a function of other endogenous and/or exogenous 
variables, and the given endogenous variable will be recovered through either an 
estimated or an identity relationship. Each endogenous variable presented on the right 
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hand side will be illustrated through subsequent equations as functions of other 
endogenous/exogenous variables. The process will continue until the final endogenous 
variable is recovered. For the sake of illustration, several supplementary graphs will be 
provided to visually clarify the general framework for the model estimation. After 
estimating beef supply equations, beef demand variables will be analyzed in the same 
manner.  
            The total beef supply equation is represented by an identity given in equation 
(3.1) and it is the summation of beef beginning stocks, beef imports, and beef 
production. 
𝐵𝑒𝑒𝑓⁡𝑆𝑢𝑝𝑝𝑙𝑦 = 𝐵𝑒𝑔𝑖𝑛𝑛𝑖𝑛𝑔⁡𝑆𝑡𝑜𝑐𝑘𝑠 + ⁡𝐵𝑒𝑒𝑓⁡𝐼𝑚𝑝𝑜𝑟𝑡𝑠 + 𝐵𝑒𝑒𝑓⁡𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛           (3.1)                                                    
            Figure 3 visually represents the described relationship. The arrows simply 
represent the right hand side variables of an identity or an estimated equation and should 
not be interpreted as causal. As mentioned earlier, several subsequent flow diagrams will 
be presented to break down the entire model into several parts for the sake of clarity.  
The dummy variables and other exogenous variables will be omitted from the graphs for 
the sake of saving space.  
 
 
Figure 3. Beef supply flow diagram 
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            Beef beginning stocks is an identity and can be recovered from beef ending 
stocks in the previous time period. The fitted equation for beef ending stocks is 
discussed later in the demand section of the model. 
3.1.1. Beef Imports 
            Beef imports is an estimated equation and the relationship is represented in figure 
4. The diagram shows that beef imports are a function of the lagged dependent variable 
and beef cow price, Sioux Falls. Beef cow price, itself, is an estimated equation and is a 
function of feeder and fed steer prices. Following the diagram, feeder steer price is also 
an estimated equation and the variable is a function of fed steer price and the costs of 
different feed components. Finally, the fed steer price is determined by the fitted 
relationship and the variable is explained by beef retail price and the weighted cost of 
feed.  
 
 
Figure 4. Beef imports flow diagram 
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            Final specification of the equation is presented in table 1. The variable is a 
function of the lagged dependent variable, deflated beef cow price, and dummy 
variables. The lagged dependent variable has a positive effect and the variable is 
significant at 0.01 level. All other variables are significant except the beef cow price, 
which has a theoretically correct sign. Given the equation contains the lagged dependent 
variable, Breusch-Godfrey Lagrange multiplier test was run to test for presence of serial 
correlation. The results yielded a p-value of 0.91, failing to reject the hypothesis of no 
serial correlation. 
 
Table 1. Beef Imports 
 
 
            Table 2 illustrates the fitted equation for the cow price, Sioux Falls, which is 
estimated as a function of the feeder and fed steer prices. Both explanatory variables 
have strong positive effect, as expected, and the variables are significant at the 99% 
confidence level. In particular, the constant elasticity of feeder and feed steer prices on 
the cow price are 0.58% and 0.92%.  
 
Dependent Variable Independent Variables Coefficient T-statistics
Beef Imports Intercept 1025.48 3.08
Beef Imports (t-1) 0.44 4.98
Cow Price / GDPDEF 406.22 1.22
D859611 -245.92 -2.35
D045 487.80 3.71
SHIFT96 395.32 3.81
D08T13 -397.03 -4.10
Breusch-Godfrey LM Test P-Value = 0.91
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Table 2. Beef Cow Price, Sioux Falls 
  
 
            The feeder steer price is expressed as a function of fat cattle price, weighted feed 
cost, hay cost, and available beef cows on the farm. Results are summarized in table 3. 
Constant elasticity estimate of the cost of weighted feed ration is negative and significant 
at the 99% confidence level. In particular, a 1% change in cost of feed concentrate 
decreases the feeder steer price by 0.25%, holding the effects of other explanatory 
variables fixed. The feed concentrate is the weighted composition of corn and 48% 
protein soybean meal. The negative sign meets the hypothesis described in the previous 
section. Thus, the results show that the price spread between fed and feeder steer prices 
is positively related to the feed cost. The fed steer price, as expected, has a positive 
effect on feeder steer price and the variable is significant at the 99% confidence level. 
Constant elasticity estimates of a feeder steer price with respect to hay cost is inelastic 
(0.13%). As expected, the available beef cows on farms, Jan 1st, have a negative impact 
on the dependent variable. The higher the beginning inventory, the lower the price. 
Constant elasticity measure for the number of beef cows is responsive, yielding the value 
of -0.84%.  
Dependent Variable Independent Variables Coefficient T-statistics
log (Cow Price/GDPDEF) Intercept -0.58 -26.50
log (Feeder Steer Price/GDPDEF) 0.58 4.78
log (Fed Steer Price/GDPDEF) 0.92 7.03
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Table 3. Feeder Steer Price 
 
 
            The estimated equation for fed steer price is presented in table 4 and the variable 
is a function of the deflated beef retail price and the deflated cost of feed concentrate. 
Both variables have a positive effect on fed steer price and the constant elasticity 
estimates of beef retail price and cost of feed concentrate are 0.64% and 0.13%, 
respectively.      
 
Table 4. Fed Steer Price 
 
 
3.1.2. Beef Production 
            Beef production is the main component in total beef supply. Figure 5 illustrates 
its relationship to other variables. In particular, beef production is the summation of beef 
steer and heifer slaughters, beef cow slaughter, dairy cow slaughter, and bull slaughter. 
Beef production data is given in million pounds and the slaughter data is represented in 
Dependent Variable Independent Variables Coefficient T-statistics
log (Feeder Steer Price/GDPDEF) Intercept 8.68 2.47
log (Fed Steer Price/GDPDEF) 0.95 9.19
log (Feed Cost/GDPDEF) -0.25 -3.99
log (Hay Cost/GDPDEF) 0.13 1.70
log (Beef Cows, Jan 1)/GDPDEF -0.84 -2.52
Dependent Variable Independent Variables Coefficient T-statistics
log (Fed Steer Price)/GDPDEF Intercept -0.78 -1.72
log (Beef Retail Price/GDPDEF) 0.64 2.08
log (Feed Cost/GDPDEF) 0.13 1.53
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thousand heads. Using a conversion rate, beef production is a multiplication of the total 
slaughter by the slaughter weight. The slaughter weight is measured by the average 
number of pounds per head.  
 
 
Figure 5. Beef production flow diagram 
 
            The fitted equation for slaughter weight is presented in table 5. The variable is 
determined as a function of logarithmic time trend and the deflated beef retail price. The 
equation shows that the logarithmic time trend has the strongest positive impact and the 
explanatory variable is significant at 99% confidence level. The time trend starting in 
2004 was put into the equation to capture the approval of beta-agonists by the U.S. Food 
and Drug Administration (FDA) in the given year which arguably has enhanced lean 
muscle gain, increased growth rate, and increased feed efficiency.  
 
Table 5. Cattle Slaughter Weight 
 
Dependent Variable Independent Variables Coefficient T-statistics
Slaughter Weight Intercept 0.56 11.07
LNTIME 0.04 9.95
Beef Retail Price/GDPDEF 0.01 1.19
TREND04 0.01 2.08
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            Steer and heifers are slaughtered from cattle that are available on a feedlot and 
from those placed on feedlots during the year. Cattle imports also impact the number of 
steer and heifers slaughtered in the given year. Visual representation of the relationship 
is presented in figure 6.  
 
 
Figure 6. Steer and heifer slaughter flow diagram 
 
             As suggested by Brown (1994), about 90% of the cattle already on the feedlot, 
about 50% of the cattle placed on feedlots, and 100% of the cattle imported, are 
slaughtered in a given year. Hence the variable was estimated as non-fitted equation 
using the relationship described above. 
𝑆𝑡𝑒𝑒𝑟⁡𝑎𝑛𝑑⁡𝐻𝑒𝑖𝑓𝑒𝑟⁡𝑆𝑙𝑎𝑢𝑔ℎ𝑡𝑒𝑟 = 0.9 ∗ 𝐶𝑎𝑡𝑡𝑙𝑒⁡𝑜𝑛⁡𝐹𝑒𝑒𝑑, 𝐽𝑎𝑛1 + 0.5 ∗
𝐶𝑎𝑡𝑡𝑙𝑒⁡𝑃𝑙𝑎𝑐𝑒𝑑⁡𝑜𝑛⁡𝐹𝑒𝑒𝑑 + 𝐶𝑎𝑡𝑡𝑙𝑒⁡𝐼𝑚𝑝𝑜𝑟𝑡𝑠                                                                (3.2) 
 
            Following figure 6, cattle placed on feedlots are recovered from an identity and 
the relationship is represented in equation 3.3. The identity is a summation of beef cattle 
on grass and calf crop less cattle death, calf slaughter, beef heifers added, dairy heifers 
added, and beef cattle backgrounded. 
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𝐶𝑎𝑡𝑡𝑙𝑒⁡𝑃𝑙𝑎𝑐𝑒𝑑⁡𝑜𝑛⁡𝐹𝑒𝑒𝑑𝑙𝑜𝑡𝑠 = 𝐶𝑎𝑡𝑡𝑙𝑒⁡𝑜𝑛⁡𝐺𝑟𝑎𝑠𝑠 + 𝐶𝑎𝑙𝑓⁡𝐶𝑟𝑜𝑝 − 𝐶𝑎𝑡𝑡𝑙𝑒⁡𝐷𝑒𝑎𝑡ℎ −
𝐶𝑎𝑙𝑓⁡𝑆𝑙𝑎𝑢𝑔ℎ𝑡𝑒𝑟 − 𝐵𝑒𝑒𝑓⁡𝐻𝑒𝑖𝑓𝑒𝑟𝑠 − 𝐷𝑎𝑖𝑟𝑦⁡𝐻𝑒𝑖𝑓𝑒𝑟𝑠 − 𝐶𝑎𝑡𝑡𝑙𝑒⁡𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑𝑒𝑑     (3.3) 
 
            Beef cattle backgrounding is an intermediary stage that is sometimes used by 
cow-calf producers. In particular, backgrounding begins right after weaning and ends 
upon placement in a feedlot. The purpose of backgrounding is to increase a calf’s weight 
and also build up immunity to diseases before it enters a feedlot (Brown 1994). The 
estimated equation for beef backgrounded is represented in table 6. Calf crop and cattle 
on grass, as expected, is positively related to the dependent variable. The time trend is 
inversely related to the beef backgrounding as the overall trend of the dependent variable 
has been declining.  
 
Table 6. Beef Steer and Heifer Slaughter 
 
 
            Calf slaughter has a minor share in equation 3.3 and the variable has been 
declining dramatically over time. The estimated equation is represented in table.7 and 
the dependent variable is a function of its own lag for one time period.  
 
Dependent Variable Independent Variables Coefficient T-statistics
Steer and Heifer Slaughter Intercept 5667.14 0.87
Cattle Placed on Feedlots 0.50 4.28
Cattle on Feed 0.91 7.40
Calf Crop 0.16 1.45
D89T940911 -671.26 -1.99
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Table 7. Calf Slaughter 
 
 
            Table 8 summarizes an estimated equation for calf death loss. The equation 
shows that controlling for the time trend, 3% of calf crop dies every year. The interaction 
effect between time trend and calf crop shows the death rate per year decreases over 
time.  
 
Table 8. Calf Death 
 
 
            Referring to equation 3.3, calf crop is expressed as a function of the summation 
of beef and dairy cows, a one year lag of the summation of beef and dairy heifers added, 
and the summation of beef cow and dairy cow slaughters.  Estimated results are 
presented in table 9. As expected, available beef cow, dairy cow, and lagged beef and 
heifers added are positively related to the calf crop. Both variables are significant at 99% 
confidence level. Beef and dairy cow slaughters have a strong negative impact on the 
dependent variable and the variable is significant at the 0.01 level. Time trend also has a 
Dependent Variable Independent Variables Coefficient T-statistics
Calf Slaughter Intercept 123.94 1.73
Calf Slaughter (t-1) 0.85 19.92
Breusch-Godfrey LM Test
Dependent Variable Independent Variables Coefficient T-value
Calf Death Intercept 2170 2.45
Calf Crop 0.03 1.19
Time * Calf Crop -0.001 -7.72
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strong inverse effect on the dependent variable and suggests that calf crop has been 
gradually declining over time.    
 
Table 9. Calf Crop 
 
 
            Fitted equations for beef heifers retained and dairy heifers retained are discussed 
later in the investment/disinvestment section of the model. The last variable from 
equation 3.3 that needs to be specified is beef cattle on grass which is an identity and 
provides an estimate of a total cattle available on grass at the beginning of the year. An 
identity is represented in equation 3.4. and the left hand side variable is calculated as 
cattle available on farms less the summation of beef and dairy cows, cattle on feed, beef 
and dairy heifers added in the previous year, and bulls available in the given time period.   
𝐶𝑎𝑡𝑡𝑙𝑒⁡𝑜𝑛⁡𝐺𝑟𝑎𝑠𝑠 = 𝐶𝑎𝑡𝑡𝑙𝑒⁡𝑜𝑛⁡𝐹𝑎𝑟𝑚𝑠 − (𝐵𝑒𝑒𝑓⁡𝐶𝑜𝑤 + 𝐷𝑎𝑖𝑟𝑦⁡𝐶𝑜𝑤 +
𝐶𝑎𝑡𝑡𝑙𝑒⁡𝑜𝑛⁡𝐹𝑒𝑒𝑑 + 𝐷𝑎𝑖𝑟𝑦⁡𝐻𝑒𝑖𝑓𝑒𝑟𝑠𝑡−1 + 𝐵𝑒𝑒𝑓⁡𝐻𝑒𝑖𝑓𝑒𝑟𝑠𝑡−1 + 𝐵𝑢𝑙𝑙𝑠⁡𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒)   (3.4.) 
                                                                          
             Cattle available on farms at the beginning of the year is an estimated equation 
and the variable is a function of the lagged dependent variable, lagged steer and heifer 
slaughter, lagged calf crop, lagged beef cow slaughter, and lagged beef cows. As 
Dependent Variable Independent Variables Coefficient T-statistics
Calf Crop Intercept 4138.35 1.29
Beef Cow + Dairy Cow 0.81 3.68
(Beef Heifers + Dairy Heifers) (t-1) 0.52 3.68
Beef Cow Slaughter + Dairy Cow Slaughter -0.52 -4.51
Time -58.99 -4.66
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presented in table 10, the lagged dependent variable, lagged calf crop, and lagged beef 
cows are positively related to the dependent variable. Steer and heifer slaughter and beef 
cow slaughter, as expected, have negative impacts on the dependent variable and both 
variables are significant at 99% and 95%, respectively.     
 
Table 10. Cattle on Farms 
 
 
            Total cattle in feedlots is an estimated equation and provides the fitted 
relationship of total cattle in feedlots at the beginning of the year. The estimated 
relationship is summarized in table 11 and the right hand side of the equation is 
composed of the lagged dependent variable, lagged beef steer and heifer slaughters, 
lagged cattle placed on feedlots, and cattle imports. As expected, the lagged dependent 
variable, lagged cattle placed on feedlots and cattle imports are positively related to the 
dependent variable. On the other hand, beef steer and heifer slaughters inversely affect 
the cattle in feedlots. Breusch-Godfrey test did not suspect the presence of serial 
correlation at the 10% level. 
Dependent Variable Independent Variables Coefficient T-statistics
Beef Cattle on Farms Intercept 16448.63 3.74
Beef Cattle on Farms (t-1) 0.45 3.35
Steer and Heifer Slaughter (t-1) -0.65 -4.41
Calf Crop (t-1) 0.43 1.96
Beef Cow Slaughter (t-1) -1.18 -2.18
Beef Cows (t-1) 1.27 3.80
Breusch-Godfrey LM TestP-Value = 0.14
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Table 11. Cattle in Feedlots 
    
 
         Table 12 summarizes the fitted equation for cattle imports from Mexico and 
Canada. The variable is expressed as a function of time dummies to account for unusual 
low imports for the specific years and a logarithmic time trend that has an overall 
positive effect on the dependent variable. All variables are significant at a minimum 
95% confidence level.   
 
Table 12. Cattle Imports from Mexico and Canada 
 
 
3.1.3. Investment and Disinvestment Decisions 
            In the initial stage, cow-calf producers make decisions to either contract the herd 
(i.e. disinvest option) or expand the herd size by keeping heifers. These decisions are 
assumed to be dependent on expected profits and because output prices might not reflect 
Dependent Variable Independent Variables Coefficient T-statistics
Cattle on Feedlots Intercept 148.07 0.07
Cattle in Feedlots (t-1) 0.78 8.2
Steer and Heifer Slaughter (t-1) -0.43 -3.23
 Cattle Placed on Feedlots (t-1) 0.53 4.77
Cattle Imports 0.32 1.52
Dependent Variable Independent Variables Coefficient T-statistics
Cattle Imports Intercept 1765.07 10.56
LNTIME 214.79 3.84
DCAN -542.03 -5.52
DMEX -225.58 -2.76
D04 -495.92 -2.20
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the main interest of producers. Moreover, Hardaker et al. (2004) strengthen the argument 
by stating the prices of commodities cannot be obtained until the producers actually sell 
them. Expected  marginal returns (EMR) were used as the main output tool for decision 
making. Thus, the expected output price and variable costs will be the ones observed in 
the previous year.  
𝐸𝑀𝑅𝑖𝑡 = 𝐸(𝑃𝑟𝑖𝑐𝑒)𝑖𝑡 − 𝐸(𝑉𝐶)𝑖𝑡 = 𝑃𝑖,𝑡−1 − 𝑉𝐶𝑖,𝑡−1                                                  (3.5) 
            EMRs along with additional explanatory variables, were used to estimate the 
decisions made by producers. This process is in line with theoretical reasoning of 
expected profit maximization and partial adjustment. The decision diagram is 
represented in figure 7 and illustrates a general framework used in the study. Beef cow 
slaughter is estimated as a function of deflated expected net returns, available beef cows 
and exogenous variables. The preliminary hypothesis is beef cow slaughter is inversely 
related to the expected marginal returns; as marginal returns increase, cow-calf 
producers are expected to retain beef cows and keep them in the breeding herd for the 
reasons described in Section 2.5.2.  
 
 
Figure 7. Investment and disinvestment decision of cow-calf producers 
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           The estimated equation for the disinvestment equation is presented in table 13. 
Beef cow slaughter is a function of beef cows, expected marginal returns, and intercept 
shifters. As expected, the lagged marginal returns are inversely related to the 
disinvestment equation. The results also indicate about 13% of beef cows are slaughtered 
each year, holding the effects of other explanatory variables constant. Additional 
explanatory variables are exogenous to account for unusual observations in different 
time periods. 
 
Table 13. Beef Cow Slaughter 
 
 
            Final specification of the investment equation is presented in table 14. Beef 
heifers added is the function of deflated expected marginal returns and dummy variables. 
Lagged marginal returns, as expected, has a strong positive effect on the dependent 
variable. The higher the anticipated profit, the higher the incentive for cow-calf 
producers to invest more into the cow herd.  
 
Dependent Variable Independent Variables Coefficient T-statistics
Beef Cow Slaughter Intercept -79.34 -0.03
Beef Cows, Jan1 0.13 1.7
Marginal Returns/GDPDEF (t-1) -286.11 -3.21
SHIFT94 -375.23 -3.08
SHIFT08 601.96 2.47
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Table 14. Beef Heifers Retained 
 
 
            Marginal returns are calculated as the difference between receipts and variable 
costs per cow. Receipts are the summation of three components; steer receipts, heifer 
receipts, and cull cow receipts per cow. Variable costs per cow are the summation of 
protein supplement expenses, pasture expenses, hay expenses, veterinary expenses, 
marketing expenses, energy expenses, machinery repair expenses, labor expenses, salt 
expenses, and other miscellaneous expenses. 
            Steer receipts per cow and heifer receipts per cow are fitted equations and both 
variables are expressed as functions of feeder steer price and the dummy variables. Cull 
cow receipts per cow are also estimated as a fitted equation and the variable is function 
of a cow price, boning utility. The exact specification of the equations and results are 
presented in table 15. The constant elasticity estimates are inelastic in all of the 
equations the variables are significant at the 99% confidence level. 
 
Dependent Variable Independent Variables Coefficient T-statistics
Beef Heifers Added Intercept 2859.49 4.44
Marginal Returns/GDPDEF (t-1) 246.86 3.86
D85 1877.29 5.26
D92T98 572.49 5.26
D11 -564.57 -2.25
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Table 15. Heifer, Steer, and Cull Cow Receipts per Cow 
 
 
            Among the variable costs, protein supplement expenses, hay expenses, and 
pasture expenses have the highest share and represent around 70% of the entire 
expenses. The share is declining slightly due to an upward trend in the other variable 
costs. Protein supplement cost is a function of the weighted feed cost and a dummy 
variable. Hay expenses and pasture expenses per cow are also estimated equations and 
are functions of hay price and dummy variables. The remaining variable costs were 
fitted as a function of a linear time trend. The results of the estimated equations are 
presented in table 16. The time trend is significant in all equations at 99% confidence 
level, meaning that all variable expenses are growing, on average, over time.  
 
Dependent Variable Independent Variables Coefficient T-statistics
log (Steer Receipt/GDPDEF) Intercept 0.42 18.74
log (Feeder Steer Price/GDPDEF) 0.83 4.30
D956 -0.21 -2.28
D11 0.13 1.33
log (Heifer Receipt/GDPDEF) Intercept 0.98 51.72
log (Feeder Steer Price/GDPDEF) 0.75 4.61
D956 -0.17 -2.30
D11 0.15 1.79
log (Cull Cow Receipt/GDPDEF) Intercept 0.3 12.95
log (Cow Price/GDPDEF) 0.87 25.25
 42 
 
 
Table 16. Dollar Variable Expenses per Cow 
 
 
            Dairy cow slaughter is expressed as a fitted equation and the variable is a 
function of milk cows available by January 1 and dummy variables. The exact 
specification of the equation is presented in table 17. The results show that about 31% of 
dairy cows are slaughtered each year. The additional dummy variables were added to 
account for unusual high and low observations from the historical data.  
 
Dependent Variable Independent Variables Coefficient T-statistics
Protein Supplement Cost Intercept 6.83 5.88
Feed Cost 0.33 6.99
Hay Cost Intercept -0.37 -0.04
Hay Price 1.08 11.05
Pasture Cost Intercept 66.79 11.28
Hay Price 0.26 2.95
Time 1.98 6.89
Veterinary Cost Intercept 4.67 5.94
Time 0.49 10.08
Marketing Cost Intercept 8.76 10.38
Time 0.33 6.35
Energy Cost Intercept 1.16 0.28
Time 2.14 8.31
Machinery Repair Cost Intercept 10.02 6.58
Time 0.91 9.58
Labor Cost Intercept 5.46 18.16
Time 0.29 15.91
Salt Cost Intercept 1.81 26.41
Time 0.09 22.62
Miscellaneous Cost Intercept 0.45 0.48
Time 0.50 8.65
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Table 17. Dairy Cow Slaughter 
 
 
            The estimated equation for inventory of dairy cows, beginning January 1, is 
recovered from the dairy part of the model and is discussed later in that section. Dairy 
heifers added is expressed as a function of dairy cow slaughter and dummy variables. As 
expected, the larger the dairy cow slaughter, the higher the number of dairy heifers 
added. The time shifter variable allows incorporation of the slope change in the model 
due to increased heifers added starting from the year 2009. The results are presented in 
table 18. 
 
Table 18. Dairy Heifers Added 
 
 
  
Dependent Variable Independent Variables Coefficient T-statistics
Dairy Cow Slaughter Intercept -105.87 -0.16
Dairy Cows, January 1 0.31 4.63
D859 793.99 5.78
D04T07 -317.07 -3.24
Dependent Variable Independent Variables Coefficient T-statistics
Dairy Heifers Added Intercept 2431.03 13.57
Dairy Cow Slaughter 0.16 2.77
D88 1077.18 8.84
D00345 -248.19 -3.57
SHIFT09 261.74 3.54
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3.2. Beef Demand 
            Total beef demand is composed of three components, the summation of beef 
exports, beef civilian disappearance, and beef ending stocks. The simplified flow 
diagram is represented in figure 8.  Beef civilian disappearance has the largest share in 
the total demand section which is determined by beef per capita consumption multiplied 
by beef retail conversion and the U.S. population. 
 
 
Figure 8. Beef demand flow diagram 
 
            Beef per capita consumption has been declining over time which could be 
attributed to many factors, including changes in preferences for red meat. Beef per capita 
consumption is estimated as a fitted equation and the main explanatory variables are 
deflated beef retail price, deflated broiler retail price, and food expenditure. Additional 
dummy variables and a time trend were added to account for different time specific 
observations and preference changes. Final specification of the equation is presented in 
table 19. The results indicate that beef retail price, as expected, is inversely related to the 
beef per capita consumption and the variable is significant at the 99% confidence level. 
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The constant own price elasticity is -0.38%. On the other hand, the income elasticity of 
beef is 0.59%. The broiler retail price is, as expected, positively related to the dependent 
variable and the constant elasticity estimate is 0.28%; however, the variable is not 
statistically significant. The time trend accounts for general decline of the variable, over 
time.  
 
Table 19. Beef per Capita Consumption 
 
 
            The equation for beef exports is expressed as a function of deflated beef retail 
price, lagged dependent variable, and exogenous variables. Final specification of the 
equation is summarized in table 20. The results indicate that beef retail price, as 
expected, has an inverse impact on the dependent variable. In particular, the elasticity of 
the exports with respect to the retail price is -0.92%. The lagged dependent variable has 
a positive effect and the variable is significant at the 99% confidence level. The dummy 
variable in 2004 and 2005 accounts for unusual low exports due to bovine spongiform 
encephalopathy present in that time period and the logarithmic time trend captures the 
general gradual increase of beef exports over time.   
Dependent Variable Independent Variables Coefficient T-statistics
log(Beef Per Capita Consumption/GDPDEF) Intercept 2.33 2.40
log(Beef Retail Price/GDPDEF) -0.38 -4.89
log(Food Expenditure/GDPDEF) 0.59 2.44
log(Broiler Retail Price/GDPDEF) 0.28 0.92
D85T88 0.10 5.55
D04T07 0.06 3.88
TIME -0.01 -5.44
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Table 20. Beef Exports 
 
 
            Beef ending stocks is an estimated equation and is the final component of total 
beef demand identity. The equation is fitted as a function of the lagged dependent 
variable and dummy variables. The lagged dependent variable, as expected, is positively 
related to the ending stocks and the variable is significant at the 99% confidence level. 
The dummy variables are included in the equation to account for unusual historical 
deviations in the data. Results of the fitted equation are presented in table 21. The 
Breusch-Godfrey test did not suspect the presence of serial correlation neither in the 
exports nor in the ending stocks equations at 10% level.   
 
Table 21. Beef Ending Stocks 
              
Dependent Variable Independent Variables Coefficient T-statistics
log (Beef Exports) Intercept 8.19 8.99
Beef Exports (t-1) 0.0004 4.85
log (Beef Retail Price/GDPDEF) -0.92 -1.78
D85T88 -0.87 -5.62
D045 -0.94 -4.99
SHIFT10 0.33 1.76
Dependent Variable Independent Variables Parameter T-value
Beef Ending Stocks Intercept 350.00 5.03
Beef Ending Stocks (t-1) 0.30 3.28
 D878 -80.72 -4.23
D012 136.79 6.80
D9345 59.95 2.54
Beef Cow Price/GDPDEF -32.44 -0.50
SHIFT10 96.80 3.80
Breusch-Godfrey LM TestP-Value = 0.15
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3.3. Results of the U.S. Beef Sector 
            The projected feed cost prices for the years of 2014-2023 were exogenously 
incorporated into the model and the mean values were obtained from Rhew (2014). The 
details of estimating projected feed cost values for the years of 2013-2021 are provided 
in Rhew (2014). The forecasted corn prices in $/bushel and soybean meal prices in 
$/metric ton are presented in table 22. The results indicate that, under the RFS2 mandate, 
prices of both commodities increase slightly, except for year 2014, when the mean 
soybean meal price is actually lower. As the projected values indicate, the difference 
between corn prices under the two scenarios are larger at the beginning and becomes 
negligible by the terminal year. It is also noticeable that the mean projected values of 
corn under the two scenarios are significantly lower over the 10 year time horizon than 
the record high corn price observed in 2011, as a result of the drought. Although the 
marginal returns also depend on output prices, values for both cow-calf producers and 
dairy producers will likely be at least as high as they were during the drought. By 
running the two scenarios (baseline and alternative), the results were compared to study 
the consequences caused by the increase of the cost of feed components. The details of 
the estimated results are summarized in table A-1 in the Appendix.  
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Table 22. Mean Projected Prices of Corn and Soybean Meal 
 
Source: Rhew (2014) 
 
            Beef supply sector, as discussed before, is the summation of beef beginning 
stocks, beef imports, and beef production. After running the two scenarios, results 
indicated that higher feed costs decreased the expected marginal returns, which caused 
an increase of beef cow slaughter in the short-run. Higher beef cow slaughter means an 
increase in beef production in the short-run. However, the long biological lag will come 
into play after cow-calf producers decide to retain fewer heifers in the herd. The long-
run implications are fewer heifers added which yields less beef production, than under 
the baseline scenario. The results of beef cow slaughter under the two scenarios are 
illustrated in figure 9. As illustrated in the figure, beef cow slaughter is actually higher 
under the baseline scenario due to the reasons explained before. The long biological lag 
comes into play within 3 years when the actual slaughter is higher under the alternative 
Year Corn Price SB Meal Price Corn Price SB Meal Price
Uint USD/Bu USD/Short Ton USD/Bu USD/Short Ton
2014 4.272 495.075 5.728 494.888
2015 4.758 494.382 5.719 516.885
2016 4.542 504.985 5.920 529.015
2017 4.683 501.068 5.688 536.590
2018 4.586 498.243 5.559 534.964
2019 4.594 491.321 5.357 531.571
2020 4.538 484.483 5.175 525.618
2021 4.509 476.518 4.976 517.746
2022 4.458 468.448 4.780 508.254
2023 4.556 460.342 4.740 497.833
W/O RFS2 W/ RFS2
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scenario. Thus, the theoretical expectations discussed in section 2.5.2 were met by the 
estimated results.     
 
 
Figure 9. The projected beef cow slaughter under two scenarios, 2014-2023 
 
            As a result, increased beef cow slaughter in the short-run resulted in a slight 
increase of beef production. In the short-run, beef production is projected to be 30 
million pounds higher, compared to the alternative scenario. As time passes, fewer beef 
heifers are retained, the feedlots lower the cattle slaughter rate, and production declines 
on average by 180 million pounds by the end of 2023.  
            Beef exports follow the same pattern as beef production does. Due to increased 
beef production in the short-run, exports are slightly higher at the beginning. The 
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difference between the two scenarios is about 3 million pounds. In the long-run, lower 
beef production yields higher cattle prices, which decrease exports. In particular, the 
exports decline on average by 48 million pounds, by the end of 2023. Regardless, 
exports increase due to increased demand mainly from Japan, South Korea, and Russia. 
As the results show, average beef exports are projected to reach about 2910 million 
pounds by 2023.  
             With regard to the feeder and fed steer prices, section 2.5.1 discussed the 
theoretical relationships of the feeder steer, fat cattle and the corn prices. The estimated 
results met theoretical expectations. The higher feed costs increased fed cattle prices and 
the effect was immediate. In the short run, fat cattle prices increased by $3.8/cwt. The 
long-run impact of higher feed costs resulted in an increase in fed cattle prices by about 
$1.8/cwt. An increase in feed costs decreased feeder cattle prices in the short-run on 
average by $3.89/cwt. The results are similar to what was found by Darrell (2008), 
where his results indicated that fat cattle prices decreased by $3/cwt as a result of a 
$1/bushel corn price increase. However, the dynamic relationship of the market plays an 
important role when the feeder steer prices are higher under the alternative by 2021, 
2022, and 2023. As calf supplies become tight in the long run, feedlots have to bid 
higher prices for the inputs. The inverse relationship between the prices of feeder steer 
and corn price does not necessarily hold in the long-run. The projected results under the 
both scenarios are illustrated in figure 10.  
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Figure 10. Projected feeder cattle prices under two scenarios, 2014 – 2023 
 
            Culled cow price, Sioux Falls, is expected to increase over time. Under the 
baseline scenario, the mean projected price is expected to reach about $90/cwt by the 
end of 2023. As summarized in table A-1 in the Appendix, the results of the alternative 
scenario showed that relaxing the RFS2 mandate slightly decreased the cow price in all 
time periods. However, the effect was minor and the average increase was about 
$1.2/cwt. 
            The results suggests beef retail price is also expected to increase in the future, 
except for 2015. The increase is gradual over time and the projected price is about 614 
cents per pound by 2023. Results of the alternative scenario showed that relaxing the 
RFS2 mandate decreased beef production in the short-run and put upward pressure on 
the retail price. The increase in production has resulted in a slight decrease in retail price 
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over time. The retail price is 7 cents lower under the alternative scenario compared to the 
baseline. The results are similar to Laibtag’s (2008) report, when he found that the 
average increase in the retail market is about 6 cents per pound. The small change in the 
retail sector is highly linked to the theoretical expectations described in section 2.5.4. 
The visual representation of the cattle prices and beef retail prices, historical and 
projected, are illustrated in figure 11.  
 
 
Figure 11. Historical and mean projected prices of beef retail, culled cows, feeder 
steer, and fed steer, 1985 – 2023 
 
            Beef civilian disappearance is expected to increase slightly over time. Beef 
consumption per capita is projected to decline, and this reduction is projected to be 
balanced by population growth. Increased feed costs did not change the per capita 
consumption noticeably due to only minor change in the beef retail price.   
            Beef imports are expected to increase sharply are the projected years. The higher 
cattle prices, including retail price, will likely increase imports. The average level of 
imports is projected to be approximately 2900 million pounds by 2023. Results of the 
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alternative scenario showed that relaxing the RFS2 mandate decreased imports slightly. 
However, the change was minor and an average reduction is projected to be about 4 
million pounds by 2023.  
            Beef cow inventory is expected to decline in the first two years of the projection 
period. Once the sector adjusts, lower beef cow inventory combined with increased 
civilian disappearance and some strengthening in beef exports will result in higher prices 
and higher returns, providing economic incentives for expansion of the sector and a 
resumption of increasing the cattle inventory. The projected results are illustrated in 
figure 12. Results of two scenarios showed that the long-run implication of herd 
reduction is 217 thousand head by 2023 as a result of the RFS2 mandate.  
 
 
Note: Left side of the figure represents historical and the baseline mean projected values of beef cow inventory. The vertical line 
divides the historical and out of sample forecasts and the right side of the figure represents out of sample forecasts under the two 
scenarios.  
Figure 12. Historical and mean projected beef cow inventory 
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4. THE U.S. DAIRY MODEL 
 
4.1. Introduction 
            The dairy sector is more complex than the beef industry because there are many 
decision processes included from the time a cow produces milk until the final consumer 
drinks milk in the form of the end product. Despite the fact that many final products can 
be produced from milk, there is high degree of government intervention occurring in the 
sector. The most prominent intervention is federal milk marketing orders (FMMO), 
which is a mechanism to control selling milk or milk products within an order region by 
requiring them to pay no less than an established minimum price for the Grade A milk 
purchased from dairy producers, depending on how the milk is used. This system is a 
classified pricing system and manufacturers pay different prices based on the final 
product produced from the purchased milk. FMMO does not include all states and one of 
them is California, which a state-based control mechanism.  
            FMMO regulate approximately 65% of the Grade A milk production. 
California’s state order contributes about 21% of milk produced in the United States. 
FMMO defines four classes of milk: Class I milk is used for beverage products and 
includes whole, low-fat, skim, and flavored milk. Class II milk is used for soft 
manufacturing products like yogurt, ice cream, and cottage cheese. Class III milk is used 
for manufactured hard cheeses and cream cheese. Class IV milk is used for butter and 
powder products, like nonfat dry milk. These class prices are estimated based on the 
wholesale prices of dairy products manufactured from the milk components, the yield of 
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the finished products manufactured from the milk components, and assumed 
manufacturing costs. The formulas that were implemented in 2000 tie all FMMO prices 
directly to wholesale prices for the following products: Grade AA butter, cheddar 
cheese, and nonfat dry milk. The wholesale prices of the aforementioned products are 
announced by the National Agricultural Statistics Service (NASS). Once the minimum 
prices are announced, the detailed pricing formulas are used to derive prices of four milk 
classes. For the details and formulas, interested readers are encouraged to consult 
USDA’s Agricultural Marketing Service (AMS). Given that the minimum wholesale 
prices play a crucial role in deriving the prices of other milk components, the dairy 
model will have three main sections for each market. These sections are the markets for 
butter, American cheese, and nonfat dry milk. Additionally, the market for evaporated 
and condensed milk will be presented. Even though the latter product does not play any 
role in the classified pricing system, the results may be interesting for a specific reader. 
Even though the study presents the estimation of four major markets, it accounts all 
sources of dairy product disappearance. These additional usage of milkfats are for: Other 
cheese, buttermilk, yogurt, fluid cream, fluid milk, ice cream, and whey. The residual fat 
and nonfat solids account from sources that cannot be traced due to data limitations (i.e. 
milk on farm use) which is about 8% of total milkfat and nonfat solids. However, the 
structure of the model is similar to the model described for the beef section. The primary 
endogenous variables for the market clearing conditions are wholesale prices of butter, 
American cheese, nonfat dry milk, and evaporated and condensed milk.  
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4.2. Butter Market 
            The structure of the butter market is identical to the beef model described 
previously. The model is solved for butter wholesale prices when the squared difference 
between the supply and the demand is minimized.  
4.2.1. Butter Supply 
            The structure of total butter supply has three components; beginning stocks, 
imports, and production. The flow diagram is presented in figure 13. 
 
 
Figure 13. Butter supply flow diagram 
 
            Butter imports represent a very minor component and account for less than 1% of 
total butter supply. Any change regarding the feed costs are unlikely to noticeably affect 
the level of imports. Nevertheless, the variable is expressed as an estimated equation and 
the dependent variable is a function of one year lagged butter imports, deflated butter 
wholesale price, and the exogenous variables. The results are summarized in table 23. 
The lagged dependent variable and the deflated butter retail price, as expected, are 
positively related to the imports. The latter variable is not statistically significant. The 
intercept shifter was necessary to account for a rapid percentage increase in butter 
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imports starting from 1995. Both exogenous variables have high explanatory power and 
are significant at the 99% confidence level.  
 
Table 23. Butter Imports 
 
  
4.2.2. Butter Production 
             Butter production is represented by the amount of butterfat used for 
manufacturing multiplied by the conversion rate, that is, pounds of milkfat in one pound 
of butter. Milk is composed of fat, nonfat solids that include protein and other 
components, and water. Butter requires milkfat for its production. To convert butterfat 
into the pounds of butter production, it has to be multiplied by the conversion rate. The 
conversion rates for different solid components and related products were obtained from 
the Agricultural Handbook of USDA’s Economic Research Service (1992). Butterfat 
itself depends on the total available milk produced in the U.S. The simplified flow 
diagram of butter production is presented in figure 14.  
  
Dependent Variable Independent Variables Coefficient T-statistics
Butter Imports Intercept -7.56 -0.67
Butter Imports (t-1) 0.33 3.13
Butter Retail Price/GDPDEF 386.22 0.93
SHIFT95 12.79 3.07
D980104 36.51 6.55
Breusch-Godfrey LM Test P-Value = 0.32
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Figure 14. Butter production flow diagram 
 
            Butter production has been historically stable prior to 2007 and has rapidly 
increased since then. The estimated relationship is expressed as a fitted equation and the 
left hand side variable is dependent on the amount of butterfat used in the previous year, 
total available milkfat, wholesale price, and nonfat dry milk wholesale price. Final 
specification of the equation is summarized in table 24. The results indicate that the 
lagged dependent variable, available milkfat and the deflated wholesale price are 
positively related to the amount of butterfat used. The variables are significant at the 
minimum 95% confidence level. Nonfat dry milk wholesale price is also positively 
related to butter production. Given that butter and nonfat dry milk are both included in 
Class IV and nonfat dry milk requires mainly nonfat solids for production, the remaining 
nonfat solids from butter manufacturing are mostly used for nonfat dry milk production. 
The higher the use of nonfat solids, the more milkfat will be available for butter 
production. The variable is significant at 99% confidence level.  
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Table 24. Butterfat Use 
 
 
4.2.3. Butter Demand 
            Butter demand has five components. However, butter domestic disappearance, 
butter exports and ending stocks account for more than 99% of the butter demand 
identity. Butter donations and their shipments have virtually no share in the demand 
component. In particular, there has been no butter donations since 2007. For the sake of 
simplicity butter donations and shipments have been set as predetermined variables and 
the values were set equal to the last historical observation for the projected years. A 
simplified diagram of butter demand is presented in figure 15. 
 
 
Figure 15. Butter demand flow diagram 
 
Dependent Variable Independent Variables Coefficient T-statistics
Butterfat used Intercept -389.86 -2.44
Butterfat used (t-1) 0.54 3.63
Butter Wholesale Price/GDPDEF 69.43 2.38
Milkfat 0.11 3.75
Nonfat Dry Milk Wholesale Price/GDPDEF 161.34 2.93
D8678967801 -87.07 -3.24
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            Butter exports have experienced unusual variability during the historical time 
period. To capture high volatility in the butter export market, along with the endogenous 
variables, the estimated equation required exogenously incorporated time specific 
dummy variables. The equation was fitted as a function of the lagged dependent 
variable, the deflated wholesale price, and dummy variables. Final specification of the 
estimated equation is presented in table 25. The lagged dependent variable has a minor 
impact on butter exports and the variable is not statistically significant. This further 
strengthens the argument that previous years’ exports is not a good predictor for the next 
year. The deflated wholesale price has a negative effect, as expected, and it suggests a 
wholesale price increase will decrease exports. The two dummy variables are 
statistically significant and represent unprecedented high and low exports during these 
years.  
 
Table 25. Butter Exports 
 
 
            Butter ending stocks is expressed as a fitted equation and the dependent variable 
is estimated as a function of the deflated retail price, inverse of a time trend, and dummy 
variables. Similar to butter exports, ending stocks also exhibit high historical variability. 
Dependent Variable Independent Variables Coefficient T-statistics
Butter Exports Intercept 103.52 2.19
Butter Exports (t-1) 0.15 1.06
Butter Wholesale Price/GDPDEF -10.19 -1.30
D923 189.36 4.99
D98T06 -77.01 -3.12
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In particular, there has been cases when ending stocks have increased over 200% in one 
year and decreased by more than 300% in the following year. Time specific dummies 
were added to the equation to capture the high volatility present throughout history. 
Results of an estimated equation are summarized in table 26. The equation indicates the 
higher the retail price, the less incentive there is to store excess stocks, thus, yielding 
lower ending stocks by the end of the year. Inverse time trend is positively related to the 
variable and it is significant at the 99% confidence level. The dummy variables, as 
expected, are highly significant and account for exceptionally high and low excess 
stocks for the given time periods.  
 
Table 26. Butter Ending Stocks 
 
 
            Butter civilian disappearance is the main component in the total demand identity. 
The variable is estimated by multiplying butter per capita consumption by the U.S. 
population. Butter per capita consumption is estimated as a function of the deflated retail 
price, deflated food expenditure, and exogenous variables. Time shifters were 
necessarily included into the equation to account for unobserved preference changes for 
different time periods. Final specification of the equation is summarized in table 27. The 
Dependent Variable Independent Variables Coefficient T-statistics
Butter Ending Stocks Intercept 200.81 2.53
1/Time 175.22 3.06
Butter Retail Price/GDPDEF -2938.30 -1.10
D9012 322.77 8.80
D95T00 -113.47 -4.11
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results indicate butter retail price is highly inelastic. In particular, the own price elasticity 
is -0.12% and the variable is not statistically significant. Income elasticity of butter is 
also inelastic and a 1% increase in income increases the consumption by 0.75%. 
However, the variable is not statistically different from zero.  
 
Table 27. Butter per Capita Consumption 
 
 
4.3. Cheese Market 
            The cheese market is specifically designed for American cheddar cheese which is 
one of the wholesale prices used in FMMO classified pricing formulas. Similar to beef 
and butter markets, the model for American cheese market is solved when the squared 
difference between the supply and the demand is minimized. 
4.3.1. Cheese Supply 
            The supply side has three components; beginning stocks, imports, and civilian 
disappearance and the relationship is presented in figure 16. 
 
Dependent Variable Independent Variables Coefficient T-statistics
log (butter per capita consumption) Intercept -2.13 -0.81
log (Butter Retail Price/GDPDEF) -0.12 -1.19
log (Food Expenditure/GDPDEF) 0.75 1.27
SHIFT89 -0.06 -1.09
SHIFT95 0.20 6.75
SHIFT11 0.20 5.60
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Figure 16. Cheese supply flow diagram 
 
            American cheese imports represent a minor component in the identity. 
Nevertheless, the imports have experienced variability throughout history. A rapid 
increase in imports was observed from 1994 through 2002 and a sharp decline has been 
experienced since then. The overall share of imports in total American cheese supply is 
less than 1%, now. The estimated equation is summarized in table 28 and the dependent 
variable is estimated as a function of one year lagged American cheese imports, lagged 
exports, and dummy variables. The results indicate that, one year lagged imports are 
positively related to the dependent variable. One year lagged exports, as expected, also 
have a positive effect on imports. However the variable is not statistically significant. 
The dummy variable is included to account for an unprecedented high level of imports 
present in years 1999 through 2004. The time shifter accounts for a sharp decline in 
imports that happened in 2011.  
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Table 28. American Cheese Imports 
 
 
            The flow diagram of American cheese production is presented in figure 17. The 
structure of the diagram is similar to the one presented for butter production. The cheese 
production is estimated using two components, a conversion rate and the amount of 
milkfat used for American cheese production.  
 
 
Figure 17. American cheese production flow diagram 
 
            Milkfat used for American cheese production is expressed as a function of total 
available milkfat, a lagged dependent variable, the deflated American cheese retail price, 
and a dummy variable shifter. The estimated results are summarized in table 29. 
Dependent Variable Independent Variables Coefficient T-statistics
Am. Cheese Imports Intercept 11.49 2.86
Am. Cheese Imports (t-1) 0.46 5.11
Am. Cheese Exports (t-1) 0.06 0.72
D9901234 29.62 6.46
SHIFT11 -13.64 -1.49
Breusch-Godfrey LM Test P-Value = 0.27
 65 
 
 
Available milkfat has the strongest impact on the dependent variable, yielding a p-value 
less than 0.01. In particular, approximately 18% of milkfat is used for American cheese 
production, when controlling for other explanatory variables.  The lagged dependent 
variable and a deflated retail price positively affect cheese production. The time shifter 
accounts for an intercept change starting in 1994 to incorporate a rapid increase in 
cheese production. The variable is significant at the 99% confidence level.  
        
Table 29. Milkfat Used for American Cheese Production 
 
 
4.3.2. American Cheese Demand 
           American cheese demand, similar to butter demand, also has five components. 
The demand side is composed of American cheese domestic disappearance, American 
cheese exports, ending stocks, government donations, shipments. The domestic 
disappearance, exports, and ending stocks in aggregate account for more than 99% of the 
total demand. For simplicity, the donations and the shipments have been set equal to the 
last historical observations and the values were fixed for the projected years. Flow 
diagram of American cheese demand is illustrated in figure 18.  
Dependent Variable Independent Variables Coefficient T-statistics
Millfat Used for Am. Cheese Intercept -515.83 -3.26
Millfat Used for Am. Cheese (t-1) 0.27 1.97
Am. Cheese Retail Price/GDPDEF 4613.88 2.08
Milkfat 0.18 5.19
SHIFT94 51.68 3.36
Breusch-Godfrey LM Test P-Value = 0.38
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Figure 18. Cheese demand flow diagram 
 
            The export component is highly variable. Sharp increases in exports are 
noticeable since 2008. The peak was reached in 2011 when exports increased by more 
than 270% compared to the historical mean. The variable was estimated as a function of 
one year lagged exports, the deflated retail price, and dummy variables. The results are 
summarized in table 30. As expected, the lagged dependent variable has a positive effect 
on export demand and the deflated retail price is inversely related to cheese exports. The 
dummy variable accounts for low exports in years 1989 through 1994. The time shifter 
incorporates a sharp increase in exports starting in 2011.  
 
Table 30. American Cheese Exports 
 
Dependent Variable Independent Variables Coefficient T-statistics
Am. Cheese Exports Intercept 77.08 1.96
Am. Cheese Exports (t-1) 0.45 2.24
Am. Cheese Retail Price/GDPDEF -1430.86 -1.47
D89T94 -12.68 -1.57
SHIFT11 61.87 3.73
Breusch-Godfrey LM Test P-Value = 0.52
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            American cheese ending stocks is expressed as a function of the deflated retail 
price and dummy variables. The estimated equation is summarized in table 31. The 
deflated retail price has a priori sign and is inversely related to the dependent variable. 
The effect is not significant, however. The dummy variables account for outliers, 
unusually high and low ending stocks presented in these years. The time shifter 
incorporates increased ending stocks starting in 2011.  
 
Table 31. American Cheese Ending Stocks 
 
 
             The civilian disappearance is determined by per capita cheese consumption 
multiplied by the U.S. population. The per capita consumption is estimated as a fitted 
equation and the variable is expressed as a function of the deflated retail price, deflated 
food expenditure, deflated butter retail price, and dummy variables. The results are 
summarized in table 32. The own price elasticity is significant at the 0.01 level and a 1% 
increase in the price, on average, reduces the per capita consumption by 0.33%. Income 
elasticity for American cheese is more responsive relative to the own price elasticity. A 
1% increase in income results in 0.81% increase in per capita consumption, other things 
equal. Butter retail price is highly inelastic and does not have a noticeable impact on 
Dependent Variable Independent Variables Coefficient T-statistics
Am. Cheese Ending Stocks Intercept 526.96 1.95
Am. Cheese Retail Price/GDPDEF -2543.47 -0.38
D85 427.67 4.28
D88905 -152.85 -2.54
SHIFT11 174.76 1.68
 68 
 
 
cheese consumption. The dummy variable accounts for low per-capita cheese 
consumption experienced from 1985 through 1987. The time shifter incorporates an 
intercept change to account for noticeable increases in the per-capita consumption 
starting in 1994.  
 
Table 32. American Cheese per Capita Consumption 
 
 
4.4. Nonfat Dry Milk Market 
            The objective function for nonfat dry milk market is the same as for the beef 
markets, butter, and American cheese. The squared difference between nonfat dry milk 
supply and demand was minimized, where the primary endogenous variable is nonfat 
dry milk wholesale price.  
4.4.1. Nonfat Dry Milk Supply 
            Nonfat dry milk production comes from nonfat milk solids.  As stated earlier, 
milk contains approximately 8.7% nonfat solids, which is a major input for nonfat dry 
milk production. The supply diagram is presented in figure 19 and the relationship is 
identical to the markets described in the previous sections. The supply side is the 
Dependent Variable Independent Variables Coefficient T-statistics
log (Cheese Per Capita Consumption) Intercept -1.71 -1.19
log (Cheese Retail Price/GDPDEF) -0.33 -2.96
log (Food Expenditure/GDPDEF) 0.81 2.52
log (Butter Retail Price/GDPDEF) 0.09 1.61
D8567 -0.13 -3.98
SHIFT94 0.10 4.74
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summation of beginning stocks, imports, and production. The U.S. historically is a large 
net exporter of nonfat dry milk. Imports have accounted for a negligible share in the total 
supply. In particular, there were no imports in 2008 and 2010 and because of this, 
imports have been incorporated as predetermined variables with their projected values 
set equal to the last historical observation.   
 
 
Figure 19. Nonfat dry milk supply flow diagram 
 
4.4.2. Nonfat Dry Milk Production 
            The production of nonfat dry milk is derived by multiplying the nonfat solids per 
pound of nonfat dry milk by the total nonfat solids used for production. The production 
flow diagram is illustrated in figure 20. The conversion rate, that is, pounds of nonfat 
solids in one pound of nonfat dry milk, is a fixed number and the rate was obtained from 
the USDA’s ERS handbook (1992).  
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Figure 20. Nonfat dry milk production flow diagram 
 
            Nonfat milk solids used for nonfat dry milk production is estimated as a function 
of total available nonfat solids, a one year lagged dependent variable, butter production, 
and dummy variable. The estimated production function is slightly different, as it 
directly depends on the lagged dependent variable, and also on butter production. As 
pointed out in the previous section, nonfat dry milk production is highly linked to butter 
production. After butter production, remaining nonfat solids are used for dry milk 
production and vice-versa. Final specification of the equation is presented in table 33 
and estimated values show that both the lagged dependent variable and butter production 
are positively related to nonfat dry milk production and the variables are significant at 
95% and 99% confidence levels, respectively. The result also indicates that total 
available solids nonfat variable is redundant after the butter production is netted out. The 
dummy variable accounts for low production in years 1988 through 1993.   
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Table 33. Solids Nonfat Used for Nonfat Dry Milk Production 
 
 
4.4.3 Nonfat Dry Milk Demand 
            The demand component is composed of nonfat dry milk exports, civilian 
disappearance, the government donations, shipments, and ending stocks. The flow 
diagram of nonfat dry milk demand is presented in figure 21.  
 
 
Figure 21. Nonfat dry milk demand flow diagram 
 
            The U.S. is a large exporter of nonfat dry milk and approximately 50% of its 
production is exported worldwide. Nevertheless, nonfat dry milk exports has 
experienced high variability since 1985. Given these circumstances, there has been a 
sharp increase in exports since 2008 with exports reaching a record high in 2011. The 
Dependent Variable Independent Variables Coefficient T-statistics
Solids Nonfat for Nonfat Dry Milk Intercept -465.46 -1.96
Solids Nonfat for Nonfat Dry Milk (t-1) 0.28 2.26
Available Solids Nonfat 0.08 1.16
Butter Production 0.70 3.24
D88T93 -465.46 -4.23
Breusch-Godfrey LM Test P-Value = 0.46
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estimated equation is expressed as a function of the deflated wholesale price, lagged 
dependent variable, and dummy variables. Final specification of the equation is 
illustrated in table 34. The results indicate that the deflated wholesale price, as expected, 
is inversely related to the exports. The lagged dependent variable has a positive impact 
on the exports and variable is significant at the 99% confidence level. The intercept 
shifter in 2011 accounts for a high level of exports observed since 1985.  
 
Table 34. Nonfat Dry Milk Exports 
 
 
            The ending stocks equation is estimated as a fitted equation and the results are 
presented in table 35. The dependent variable is expressed as a function of the deflated 
wholesale price and dummy variables. Ending stocks, similar to exports, have exhibited 
high variability. Dummy variables have been incorporated to account for these time 
specific effects. 
 
Dependent Variable Independent Variables Coefficient T-statistics
Nonfat Dry Milk Exports Intercept 380.49 1.64
Nonfat Dry Milk Whsl. Price/GDPDEF -201.85 -1.16
Nonfat Dry Milk Exports (t-1) 0.67 4.96
D85 463.71 2.58
SHIFT11 223.27 1.75
Breusch-Godfrey LM Test P-Value = 0.20
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Table 35. Nonfat Dry Milk Ending Stocks 
 
 
            Per capita consumption is the main component in estimating nonfat dry milk 
domestic disappearance. Per capita consumption of nonfat dry milk has experienced 
some variation over the last 10 years. The variable has ranged between of 2.7-3.8 pounds 
per year. The variable is estimated as a function of the deflated wholesale price, deflated 
food expenditure, and dummy variables. Final specification of the equation is 
summarized in table 36. The result shows that the own price elasticity is inelastic with a 
value of about -0.33. The expenditure elasticity is also inelastic, yielding the value of 
0.39. The latter is not statistically significant, however. 
 
Table 36. Nonfat Dry Milk per Capita Consumption 
 
  
Dependent Variable Independent Variables Coefficient T-statistics
Nonfat Dry Milk Ending Stocks Intercept 563.17 4.23
Nonfat Dry Milk Whsl. Price/GDPDEF -90.56 -1.03
D85600T03 660.01 15.04
D856710 -115.69 -2.95
Dependent Variable Independent Variables Coefficient T-statistics
log (NFD Per Capita Consumption) Intercept -0.13 -0.15
log (Nonfat Dry Milk Whsl. Price/GDPDEF) -0.33 -2.73
log (Food Expenditure/GDPDEF) 0.39 1.26
D8567 -0.25 -3.42
D945 0.17 2.18
D96N006 0.24 4.43
SHIFT94 0.14 2.27
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4.5. Evaporated and Condensed Milk Market 
            Data for evaporated milk and condensed milk supply and utilization are reported 
together, even though they are two distinct products. The market was estimated for the 
aggregated data. The excess supply squared was minimized and the primary endogenous 
variable for the market is evaporated and condensed milk wholesale price.  
4.5.1. Evaporated and Condensed Milk Supply 
             The supply identity is identical to the markets described above and is composed 
of beginning stocks, imports, and production. The flow diagram is presented in figure 
22.  
 
 
Figure 22. Evaporated and condensed milk supply flow diagram 
 
            Imports have been stable over the last twelve years, varying between 10 million 
and 15 million pounds per year. Since 2007, imports have been constant at 11 million 
pounds per year. The estimated equation is expressed as a function of the one year 
lagged dependent variable and dummy variables. Final specification of the equation is 
summarized in table 37. The lagged dependent variable has a strong positive effect and 
the variable is significant at 0.01 level. The dummy variables account for unusual low 
and high imports compared to the historical observations presented in these years. 
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Table 37. Evaporated and Condensed Milk Imports 
 
 
            The production of evaporated and condensed milk has a similar structure 
compared to the markets described earlier. The simplified production diagram is 
represented in figure 23. Nonfat solids used for production is estimated as a fitted 
equation and the variable is a function of a lagged dependent variable, evaporated and 
condensed milk wholesale price, total available nonfat solids, and exogenous variables.   
 
 
Figure 23. Evaporated and condensed milk production flow diagram 
 
Final specification of the equation is summarized in table 38. The wholesale price and 
available nonfat solids, as expected, have a positive impact on production. However the 
Dependent Variable Independent Variables Coefficient T-statistics
Evp. and Cond. Milk Imports Intercept 6.31 4.92
Evp. and Cond.Milk Imports (t-1) 0.45 4.18
D87T97 -3.09 -4.53
D001 2.26 2.74
Breusch-Godfrey LM Test P-Value = 0.20
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variables are not statistically significant. Logarithmic time trend captures a gradual 
decrease of production. The variable is significant at the 99% confidence level.  
 
Table 38. Solids Nonfat Used for Evaporated and Condense Milk Production 
 
 
4.5.2. Evaporated and Condensed Milk Demand 
            The demand side has four components; civilian disappearance, exports, 
shipments, and ending stocks. Among these variables, disappearance is the main 
component of this identity. The flow diagram is illustrated in figure 24.      
 
   
Figure 24. Evaporated and condensed milk demand flow diagram 
 
Dependent Variable Independent Variables Coefficient T-statistics
Solids Nonfat for Evp. and Cond. Milk Intercept 487.94 3.29
Evp.and Cond. Milk Wholesale Price/GDPDEF24.91 0.45
Milk Solids Nonfat 0.01 0.60
LNTIME -75.55 -5.40
D0234589 46.45 2.15
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            Evaporated and condensed milk exports have increased considerably over the last 
decade, compared to earlier years. In particular, from 1987 through 1999, there were 
virtually no exports. The estimated equation is expressed as a function of the deflated 
wholesale price, a time trend, and other exogenous variables. Final specification of the 
equation is summarized in table 39. The result indicates that the wholesale price has a 
negative effect on the imports and the variable is significant at the 0.01 level. Since the 
dummy variables were incorporated to control for the low exports presented in years 
1987 through 1999, a time trend has a positive effect on the dependent variable. Both 
variables are significant at the 0.01 level.  
 
Table 39. Evaporated and Condensed Milk Exports 
 
 
           The ending stocks are estimated as a fitted equation and the variable is expressed 
as a function of the deflated wholesale price, production, and dummy variables. Table 40 
shows that the wholesale price and production, as expected, have a positive and negative 
effect on the ending stocks, respectively. The dummy variables are included to account 
for the high variability of the stocks presented in the specific years.  
Dependent Variable Independent Variables Coefficient T-statistics
Evp and Cond. Milk Exports Intercept 72.21 3.53
Evp.and Cond. Milk Wholesale Price/GDPDEF-41.17 -3.17
TIME 0.91 4.46
D87T99 -10.22 -3.41
D04710 39.40 9.09
SHIFT11 27.59 3.76
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Table 40. Evaporated and Condensed Milk Ending Stocks 
 
 
            As pointed out earlier, the main variable in the evaporated and condensed milk 
demand identity is civilian disappearance. Per capita consumption is the main 
component of interest. Historically, per capita consumption has been declining. In 
particular, per capita consumption decreased by more than 50% from 1985 to 2013. 
However, the consumption has been stable since 2008. The variable is estimated as a 
fitted equation and it is expressed as a function of the deflated wholesale price, food 
expenditure, and exogenous variables. Final specification of the equation is presented in 
table 41. The result indicates that the own price elasticity is inelastic and a 1% increase 
in the price decreases the consumption by about -0.65%, other things equal. On the other 
hand, expenditure elasticity is positive and a 1% increase in the expenditure increases 
the consumption by 0.37%. The time trend has the strongest impact on the dependent 
variable which captures a gradual decrease of consumption over the history.  
 
Dependent Variable Independent Variables Coefficient T-statistics
Evp and Cond. Milk Ending Stocks Intercept 49.64 2.24
Evp.and Cond. Milk Wholesale Price/GDPDEF-13.58 -1.12
Evp.and Cond. Milk Production 0.01 1.46
D85610 10.93 2.58
D87995606 -12.82 -4.00
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Table 41. Evaporated and Condensed Milk per Capita Consumption 
 
 
4.6. Milk Production 
            The supply side of the model is estimated on a state basis. The USDA maintains 
the cost of production series on a regional basis and divides by the following categories; 
Appalachian, Corn Belt, Mid-West, North East, Pacific, South East, and Southern Plains 
regions. The respective cost of production was used for states in the respective regions. 
States not included in a particular region were estimated based on the U.S. average cost 
of production. The milk supply is estimated by two variables; average dairy cow 
inventory by each state in the U.S. and milk production per cow for a given inventory.  
            At the beginning of year, farmers make decisions on the number of dairy cows 
they want to keep. Thus, average dairy cows available on the farm during each year can 
be estimated to capture this relationship. Average dairy cows available on farms in each 
state is estimated as a function of the lagged dependent variable and the lagged marginal 
returns. Marginal returns are the difference between the all milk price and associated 
variable costs. 
            Milk production per cow was estimated as a function of time trend. Technology 
has been a vital component of dairy production, improving productivity for almost 100 
years. Technology has made a significant impact on the ability to produce more milk per 
Dependent Variable Independent Variables Coefficient T-statistics
log (Evp. Milk Consumption) Intercept 0.11 0.03
log (Evp. Milk Wholesale Price/GDPDEF -0.65 -2.31
log (Food Expenditure/GDPDEF) 0.37 0.44
TIME -0.03 -8.64
SHIFT08 0.13 1.90
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cow, and it is expected to continue in the future. In particular, average milk production 
per cow has increased approximately 67% from 1985 to 2013. The time trend captures 
this technological advancement over time. Graphical representation of milk production is 
illustrated in figure 25. Subscripts i and j represent selected states and regions, 
respectively.   
 
 
Figure 25. Milk production flow diagram 
 
            Estimated equations for average dairy cows and milk production per cow are 
summarized in the appendix section. Since the lagged dependent variable is one of the 
explanatory components in the equations for average dairy cows, Greene (2011) shows 
that in the presense of serial correlation, all coefficients  on the right hand side are 
inconsistent. Breush-Godfrey lagrange multiplier test was run for each equation to test 
for the presense of serial correlation. Out of 50 cases, 34 equations rejected the null 
hypothesis that there was no serial correlation at the 10% significance level. The 
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problem was corrected by following Hatanaka’s (1974) two step method to obtain 
consistent coefficients by the means of instrumental variables. Necessary instruments for 
the lagged dependent variables were current and one year lagged marginal returns and 
the time trend.  After obtaining the fitted values for the lagged dependent variable, 
consistent rho was recovered from the residuals by regressing dairy cows on the fitted 
values of the lagged dependent variable and the lagged expected marginal returns. The 
results indicated every equation has the priori correct signs, meaning, the lagged 
dependent variable and the deflated lagged marginal returns are positively related to the 
explained variable. However, the lagged dependent variable appeared to have the 
strongest effect on the explained variable. The lagged marginal returns are insignificant 
in many cases after the lagged dependent variables were netted out.  
            All milk price is estimated based on the formula obtained from FMMO. The 
estimated relationship is presented in equation 4.1. Subscirpt i represents the region 
specific value. The variables that do not have a subscript means that the value is the 
same for every region.  
𝐴𝑙𝑙⁡𝑀𝑖𝑙𝑘⁡𝑃𝑟𝑖𝑐𝑒𝑖 = %⁡𝐶𝑙𝑎𝑠𝑠⁡𝐼⁡𝑈𝑠𝑒𝑖 ∗ (𝐶𝑙𝑎𝑠𝑠⁡𝐼⁡𝑀𝑜𝑣𝑒𝑟 + 𝐶𝑙𝑎𝑠𝑠⁡𝐼⁡𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑙𝑖) +
%⁡𝐶𝑙𝑎𝑠𝑠⁡𝐼𝐼⁡𝑈𝑠𝑒𝑖 ∗ 𝐶𝑙𝑎𝑠𝑠⁡𝐼𝐼⁡𝑃𝑟𝑖𝑐𝑒 + %⁡𝐶𝑙𝑎𝑠𝑠⁡𝐼𝐼𝐼⁡𝑈𝑠𝑒𝑖 ∗ 𝐶𝑙𝑎𝑠𝑠⁡𝐼𝐼𝐼⁡𝑃𝑟𝑖𝑐𝑒 +
⁡%⁡𝐶𝑙𝑎𝑠𝑠⁡𝐼𝑉⁡𝑈𝑠𝑒𝑖 ∗ 𝐶𝑙𝑎𝑠𝑠⁡𝐼𝑉⁡𝑃𝑟𝑖𝑐𝑒⁡                                                                            (4.1) 
 
            Because California has the state-based regulation, the all milk price is calculated 
slightly differently and the formula is given in equation 4.2. Different from the FMMO, 
class IV has two parts, Class IVa and class IVb. 
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𝐴𝑙𝑙⁡𝑀𝑖𝑙𝑘⁡𝑃𝑟𝑖𝑐𝑒, 𝐶𝐴 = %⁡𝐶𝑙𝑎𝑠𝑠⁡𝐼⁡𝑈𝑠𝑒, 𝐶𝐴 ∗ 𝐶𝑙𝑎𝑠𝑠⁡𝐼⁡𝑃𝑟𝑖𝑐𝑒, 𝐶𝐴 +%⁡𝐶𝑙𝑎𝑠𝑠⁡𝐼𝐼⁡𝑈𝑠𝑒, 𝐶𝐴⁡ +
𝐶𝑙𝑎𝑠𝑠⁡𝐼𝐼⁡𝑃𝑟𝑖𝑐𝑒, 𝐶𝐴 +%⁡𝐶𝑙𝑎𝑠𝑠⁡𝐼𝐼𝐼⁡𝑈𝑠𝑒, 𝐶𝐴 ∗ 𝐶𝑙𝑎𝑠𝑠⁡𝐼𝐼𝐼⁡𝑃𝑟𝑖𝑐𝑒, 𝐶𝐴 +
%⁡𝐶𝑙𝑎𝑠𝑠⁡𝐼𝑉𝑎⁡𝑈𝑠𝑒, 𝐶𝐴 ∗ 𝐶𝑙𝑎𝑠𝑠⁡𝐼𝑉𝑎⁡𝑃𝑟𝑖𝑐𝑒, 𝐶𝐴 +%𝐶𝑙𝑎𝑠𝑠⁡𝐼𝑉𝑏⁡𝑈𝑠𝑒, 𝐶𝐴 ∗
𝐶𝑙𝑎𝑠𝑠⁡𝐼𝑉𝑏⁡𝑝𝑟𝑖𝑐𝑒, 𝐶𝐴                                                                                                     (4.2) 
 
            The detailed information on the formulas required to recover FMMO Class I, 
Class II, Class III, and Class IV prices can be obtained through USDA’s Agricultural 
Marketing Service available (2014). The prices of Class I through Class IVb for the state 
of California can be obtained from the California Department of Food and Agriculture 
(2014). The formulas were omitted in the text to save space.                
            The variable costs per hundredweight of milk are calculated based on the 
regional cost of production data provided by the USDA. The variable costs per 
hundredweight are composed of feed expenses, hauling expenses, artificial insemination 
expenses, veterinary expenses, fuel expenses, machinery repair expenses, labor 
expenses, custom expenses, other overhead expenses, interest expenses, and dairy 
assessment expenses. Among the variable costs, the main cost of interest is the feed 
expense per hundredweight. The feed cost per hundredweight is calculated from the feed 
ration formula discussed in the dairy policy proposals for the 2014 farm bill. According 
to the proposal, the national average price paid for feed used by a dairy operation to 
produce a hundredweight of milk is based on price data for the three major feed 
ingredients – corn, soybean meal, and alfalfa hay. These prices are combined into a 
weighted feed cost estimate per hundredweight of milk production using the formula 
presented in equation 4.3.  
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𝐹𝑒𝑒𝑑⁡𝐶𝑜𝑠𝑡⁡𝑝𝑒𝑟⁡𝐻𝑢𝑛𝑑𝑟𝑒𝑑𝑤𝑒𝑖𝑔ℎ𝑡 = (1.0728 ∗ 𝑐𝑜𝑟𝑛⁡𝑝𝑟𝑖𝑐𝑒) + (0.00735 ∗
𝑠𝑜𝑦𝑏𝑒𝑎𝑛⁡𝑚𝑒𝑎𝑙⁡𝑝𝑟𝑖𝑐𝑒) + (0.0137 ∗ 𝑎𝑙𝑓𝑎𝑙𝑓𝑎⁡ℎ𝑎𝑦⁡𝑝𝑟𝑖𝑐𝑒)                                           (4.3) 
 
The corn price is in $/bu and the soybean meal and alfalfa hay prices are in $/ton. 
4.7. Results of the U.S. Dairy Model 
            The dairy sector was simulated for the two scenarios and the projected values of 
the main variables of the model are presented in the tables, A-2, A-3, and A-4, in the 
Appendix section, respectively. The last historical observation, 2013, was also provided 
in the tables.  
4.7.1. Butter Market 
            Results of the baseline scenario indicated that production is expected to increase 
in the coming decade. The mean production is projected to reach 2,022 million pounds 
by 2023. After running an alternative scenario, results showed relaxing the RFS2 
mandate had only a minor impact on production. In particular, the mean increase in 
production is projected to be 5 million pounds in the long-run. As expected, the 
difference between the two scenarios becomes larger in the long run due to a time 
adjustment factor. 
            Butter per capita consumption is expected to stay close to historical values 
observed over the last 3 years. In particular, the mean per capita consumption is 
expected to stay around 5.6 pounds per year. The average per capita consumption is 
projected to be 5.62 pounds by 2023. The slight increase, along with the population 
growth, results in the increase of butter civilian disappearance. The mean value under the 
baseline scenario is projected to be 1,934 million pounds by 2023. Results of the 
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alternative scenario showed lower feed costs had a trivial impact on the per capita 
consumption. In particular, the expected butter civilian disappearance is projected to be  
3.5 million pounds more when compared to the baseline scenario by 2023.    
             The export market remains stable for the projected years. In particular, butter 
exports increase slightly in the first year and stay around 107 million pounds for the 
forecasted time horizon. The mean projected exports are expected to be roughly 109 
million pounds by the end of 2023. Results for the alternative scenario indicate relaxing 
the RFS2 mandate will increase the decrease the wholesale price, and reduce export 
demand. However, the impact was minor and the difference between the two scenarios 
was only 0.95 million pounds.  
            Historically, the highest butter wholesale price was observed in 2011, reaching 
the record high value of $1.96 per pound. The high price observed in 2011 was followed 
by a decrease in export demand. The value dropped from 144 million pounds to 104 
million pounds from 2011 to 2012. A decrease in export demand put downward pressure 
on the wholesale price, decreasing the value by 20 cents per pound. Results of the 
baseline scenario indicate the mean wholesale price is projected to stay around $1.65 per 
pound. The long-run projection of the mean wholesale price is $1.68 per pound by 2023. 
Relaxing the RFS2 mandate decreased the wholesale price in all time periods. However, 
the difference between the two scenarios became more apparent in the long-run. In 
particular, the mean wholesale price under the alternative scenario is projected to be 
$1.61 cents per pound by 2023. Graphical representation of the results are summarized 
in figure 26.  
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Note: Left side of the figure represents historical and the baseline mean projected butter wholesale prices. The vertical line divides 
the historical and out of sample forecasts and the right side of the figure represents out of sample forecasts under the two scenarios.  
Figure 26. Historical and mean projected butter wholesale price 
 
4.7.2. American Cheese Market  
            The American cheese market, similar to the butter case, shows a growth in the 
coming decade. Results of the baseline scenario showed production of American cheese 
is expected to grow on average by 1.5% per year, resulting in 15% growth by the end of 
2023. In particular, the mean production is projected to reach about 5,068 million 
pounds by 2023. Results of the alternative scenario indicate incorporating lower feed 
costs will increase production in all time periods. However, the difference is negligible 
in the short-term. The long-run implications are that the average difference in the 
production between the two scenarios is projected to be 35 million pounds by 2023. 
            Per capita consumption of American cheese is also expected to grow in the 
coming decade. The mean consumption is expected to reach about 14.17 pounds by 
2023. Given that the U.S. population is also expected to grow, the average civilian 
disappearance is projected to reach about 4,876 million pounds by 2023. Results of the 
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alternative scenario showed lower feed costs have virtually no response on consumption 
in the short-term. However, the difference is noticeable in the long-run. In particular, the 
civilian disappearance under the alternative scenario is projected to be 34 million pounds 
higher by 2023.  
            Export demand is also expected to grow in the coming decade. As pointed out in 
the previous sections, exports have been relatively stable until 2010. The variable almost 
doubled in 2010 and showed a sharp increase after that. The baseline results indicate 
average exports are expected to reach about 176 million pounds by 2023. However, as 
explained in the previous section, the share of the exports is minor compared to the 
civilian disappearance. Results of the alternative scenario indicate the impact of lower 
feed costs appear to be minor in the long-run. In particular, the average exports are 
projected to be 2 million pounds higher than are exports under the baseline scenario by 
2023. The short-run response was virtually unnoticeable. 
            The wholesale price, under the baseline scenario, is projected to increase slightly 
in the short-term. Higher wholesale prices will increase the production, which puts 
downward pressure on the wholesale price in the long-run. In particular, the average 
wholesale price is expected to be $1.81 per pound by 2023. The value is about 4 cents 
higher than the last historical price observed in 2013. Results of the alternative scenario 
indicate lower feed costs decrease the wholesale price in the long-run. Specifically, the 
mean wholesale price is expected to be $1.74 per pound by 2021. However, the short-run 
impact is virtually unnoticeable. The results are illustrated in figure 27. 
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Note: Left side of the figure represents historical and the baseline mean projected American cheese wholesale price. The vertical line 
divides the historical and out of sample forecasts and the right side of the figure represents out of sample forecasts under the two 
scenarios.  
Figure 27. Historical and mean projected American cheese wholesale price 
 
4.7.3. Nonfat Dry Milk Market  
            Nonfat dry milk production has been increasing historically. Growth in export 
demand has been identified as one of the drivers in rising nonfat dry milk production. 
The forecasted projections imply production is expected to grow in the coming decade. 
Results of the baseline scenario showed that the mean production is projected to reach 
2,378 million pounds by 2023. Results of the alternative scenario show production, as 
expected, increases slightly in the long- run. The long-run implication of lower feed 
costs is production on average will increase by 13 million pounds when compared to the 
baseline scenario. The short-run response was virtually unnoticeable.             
            Per capita consumption of nonfat dry milk is expected to remain stable in the 
short-run and shows a slight increase in the long-run. A slight increase in the per capita 
consumption along with the population growth increases civilian disappearance in all 
time periods. Results of the baseline scenario indicate that average civilian 
disappearance is projected to reach 1,304 million pounds by 2023. The long-run 
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implications of the alternative scenario is per capita consumption is expected to be only 
0.2 pounds more than that of under the baseline scenario.  
            As pointed out earlier, nonfat dry milk exports have historically had a significant 
share of total demand. Moreover, there has been a rapid increase in exports since 2001. 
Exports have increased by more than 330% in the last 10 years. Results of the baseline 
scenario showed exports are expected to continue growing. In particular, the average 
exports are projected to reach 1,075 million pounds by 2023. Results of the alternative 
scenario indicate higher feed costs had virtually no impact on the export demand in the 
short-run. The long-run implications of the alternative scenario is minor. Average 
exports are expected to be 6 million pounds higher when compared to the exports under 
the baseline scenario. 
            As mentioned before, the primary endogenous variable in nonfat dry milk sector 
is the wholesale price. The wholesale price has shown significant variation throughout 
the history. Results of the baseline scenario showed the wholesale price is expected to 
remain slightly below the equilibrium price observed in 2011. Even though exports are 
increasing, the production growth outweighs the export demand, which puts downward 
pressure on the wholesale price. The average wholesale price is projected to be $1.57 per 
pound in 2023. Results of the alternative scenario show virtually no change is expected 
in the wholesale sector. In particular, the wholesale price is expected to be slightly below 
the estimated value under the baseline scenario. Thus, the difference in prices between 
the scenarios is only 2 cents.  
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4.7.4. Evaporated and Condensed Milk Market  
            Given evaporated and condensed market have the smallest share of milk used 
among the markets described before, the changes between the two scenarios were 
expected to be trivial. Moreover, production and demand of evaporated and condensed 
milk have been declining historically. Results of the baseline scenario indicate the 
historical trend is expected to be preserved in the future. Average production is projected 
to be 642 million pounds by 2023. Results of the alternative scenario show a minor 
change in the production sector, which is expected. Since the share of total available 
milk used for the market is small, the result is not surprising. Specifically, the average 
production is expected to be approximately 2 million pounds more when compared to 
the production under the baseline scenario. 
            Per capita consumption of evaporated and condensed milk has also gradually 
declined over time. In particular, the per capita consumption decreased by more than 
55% from 1985 to 2013. Results indicate consumption is expected to further decrease in 
the future. The expected value is projected to be 1.51 pounds by end of 2023. Results of 
the alternative scenario show virtually no response in both the short-run and the long-
run. The difference in the civilian disappearance between the two scenarios is only 0.9 
million pounds.                
            The wholesale sector shows a minor change compared to the equilibrium price 
observed in 2011. In particular, the wholesale price is expected to stay around $1.80 per 
pound in the short-run and about $1.74 per pound in the long run. Results of the 
alternative scenario indicate there was practically no response in the wholesale sector in 
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the short-run. The long run-response was minor, and the average wholesale price is 
expected to be about $1.73 per pound by 2021.   
4.7.5. Dairy Cows 
            The inventory of dairy cows in the U.S. is expected to remain slightly below to 
the equilibrium number observed in 2013. Smaller dairy producer states are expected to 
further decrease their share of milk production in the coming decade. The states of 
California and Idaho are expected to be major contributors to maintain the relative 
balance of the dairy sector in the future. Results of the baseline scenario indicate the 
range of dairy cows is expected to be between 9,100 and 9,200 thousand heads over the 
next 10 years. Incorporating lower feed costs had a minor impact on the dairy herd size 
in the short-term. However, a noticeable impact was observed in the long-run. Given 
more milk cows are added to the herd, the average total dairy herd is projected to be 73 
thousand head more than under the baseline scenario. The results are illustrated in figure 
28.  
  
 91 
 
 
 
Note: Left side of the figure represents historical and the baseline mean projected dairy cow inventory. The vertical line divides the 
historical and out of sample forecasts and the right side of the figure represents out of sample forecasts under the two scenarios.  
Figure 28. Historical and mean projected dairy cow inventory 
 
4.7.6. Class I Mover  
            Class I mover is derived as (base skim milk price for Class I times 0.965) plus 
(advanced butterfat pricing factor times 3.5). The classified pricing system for milk after 
Federal Order Reform took effect on January 1st, 2000, so historical prices are reported 
since 2000. Results of the baseline scenario show out of sample forecasts for the value of 
Class I mover is expected to range between $17.5 and $18.60 per hundredweight. 
Results of the alternative scenario indicate the short run-response of lower feed costs on 
the value of the Class I mover was trivial. However, the difference between the two 
scenarios is noticeable in the long-run. Specifically, the value of Class I mover is 
expected to be about $0.36 lower per hundredweight compared to the value under the 
baseline scenario. The graphical illustration of the results are presented in figure 29.   
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Note: Left side of the figure represents historical and the baseline mean projected values of class I mover. The vertical line divides 
the historical and out of sample forecasts and the right side of the figure represents out of sample forecasts under the two scenarios. 
Figure 29. Historical and mean projected values of class I mover 
 
4.7.7. Class II Price   
            As pointed out earlier, Class II refers to milk going into soft manufactured products 
such as sour cream, cottage cheese, ice cream, and yogurt. The Class II price is based on 
nonfat dry milk and butter prices, plus an added differential equal to $0.70 per hundred 
pounds of raw milk. Results of the baseline scenario indicate the average price range of 
Class II is expected to be between $17.93 and $19.30/cwt. Results of the alternative 
scenario indicate lower feed costs had a stronger impact in the long-run than in the short-
run. In particular, the average price of Class II is $0.37/cwt lower compared to the 
baseline scenario. The results are presented in figure 30.  
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Note: Left side of the figure represents historical and the baseline mean projected class II price. The vertical line divides the historical 
and out of sample forecasts and the right side of the figure represents out of sample forecasts under the two scenarios.  
Figure 30. Historical and mean projected class II price 
 
4.7.8. Class III Price  
            Class III refers to milk used for making hard cheeses. The Class III price is based 
on cheese, but whey and butter prices are also included in the calculation. Results of the 
baseline scenario indicate forecasted price range is, on average, between $17.35 and 
$18.23/cwt. Results of the alternative scenario show the long-run impact of relaxing the 
RFS2 mandate was stronger compared to the results observed in Class I and Class II 
sectors. In particular, the expected Class III price is $16.68/cwt in 2023. The value is 
$1.00 lower than the price forecasted under the baseline scenario. The results are 
presented in figure 31.  
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Note: Left side of the figure represents historical and the baseline mean projected class III price. The vertical line divides the 
historical and out of sample forecasts and the right side of the figure represents out of sample forecasts under the two scenarios 
 
Figure 31. Historical and mean projected class III price 
 
4.7.9. Class IV Price 
            Since Class IV milk is used to make butter and dry products such as non-fat dry 
milk, the price is based on nonfat dry milk and butter prices. Given that the average 
nonfat dry milk wholesale price is expected to stay slightly below the equilibrium price 
observed in 2013, the average Class IV price is also forecasted to stay just below the 
equilibrium point, except in the first year. In particular, the baseline scenario results 
indicate the average price range for the forecasted period is between $16.78 and 
$18.06/cwt. Given the wholesale price of nonfat dry milk did not show a major 
difference between the two scenarios, the lower feed costs had a smaller impact on class 
IV price, than on the class III value. Regardless, relaxing the RFS2 resulted in decrease 
in the value in all time periods. The difference between the two scenarios becomes larger 
in the long-run. Specifically, the average price is projected to be $17.59/cwt, which is 
about $0.32/cwt lower than the baseline scenario. The results are presented in figure 32.  
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Note: Left side of the figure represents historical and the baseline mean projected class IV price. The vertical line divides the 
historical and out of sample forecasts and the right side of the figure represents out of sample forecasts under the two scenarios.  
 
Figure 32. Historical and mean projected class IV price 
 
4.7.10. All Milk Price 
            The all milk price is a weighted average of the prices dairy processors pay for all 
grade A and grade B milk. The price is calculated by the NASS and usually reported for 
milk by average fat test. The all milk price is expected to stay slightly below the 
equilibrium value observed in 2013. Nevertheless, the baseline scenario results indicate 
the all milk price is projected to remain relatively stable in the future. In particular, the 
expected price is projected to be around $19.57/cwt. Results of the alternative scenario 
show lower feed costs put downward pressure on the all milk price due to increased 
production. The difference between the two scenarios becomes noticeable in the long-
run. Specifically, the average price difference between the two scenarios is projected to 
be $0.52/cwt by 2023. The results are presented in figure 33.  
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Note: Left side of the figure represents historical and the baseline mean projected all milk price. The vertical line divides the 
historical and out of sample forecasts and the right side of the figure represents out of sample forecasts under the two scenarios.  
 
Figure 33. Historical and mean projected all milk price 
 
4.7.11. All Milk Price vs. Feed Costs  
            The projected spread between the all milk price and feed costs (based on 
Equation 4.3.) per hundredweight indicate that if the feed costs remain as projected, the 
dairy producers will be able to manage financially under both scenarios. The average 
spread between the all milk price and feed costs over the 10 year time horizon is 
projected to be $4.01 and $4.68/cwt for the baseline and alternative scenarios, 
respectively. The projections for the next 10 years are illustrated in figure 34.  
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Note: Left side and right side of the figure represents the baseline and alternative scenario projections, respectively 
Figure 34. Mean projected all milk price and feed cost spreads under the two 
scenarios 
 
4.7.12. Milk Production  
            Total milk production in the U.S. is expected to significantly increase in the 
coming decade. A relatively stable inventory of dairy cows and technological 
improvements in yield per cow is expected to boost the milk production in the future. 
Results of the baseline scenario indicate average milk production in the U.S. is projected 
to reach about 227 billion pounds by 2023, which is about 26 billion pounds higher 
compared to the value observed in 2013. Lower feed costs increased the expected 
marginal returns for the producers. Producers responded by adding more milk cows to 
the herd, which impacts the milk production in the long-run. Results of the alternative 
scenario show the average milk production is expected to be about 1.7 billion higher 
pounds compared to the baseline scenario. The results are illustrated in figure 35. 
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Note: Left side of the figure represents historical and the baseline mean projected U.S. milk production. The vertical line divides the 
historical and out of sample forecasts and the right side of the figure represents out of sample forecasts under the two scenarios.  
Figure 35. Historical and mean projected U.S. milk production under two scenarios 
 
4.8. Welfare Impacts of the Feed Cost Shocks on Different Sectors 
4.8.1. Background  
            This section of the research focuses on the welfare measurement of producers at 
different sector levels. Given that feed cost shocks will affect separate market 
participants differently, the welfare analysis of an individual sector and feed cost shock 
impacts is often necessary. Given both receipts and total costs are available for the 
projected years under both alternative and baseline scenarios, profit can be considered as 
one of the candidates to measure a producer’s welfare. However, Just, Hueth, and 
Schmitz (2004) describe quasirent as an alternative to profit which is “a producer’s net 
benefit as the excess of gross receipts which a producer receives for any commodities 
produced over the prime cost – that is, over the extra cost that the firm incurs in order to 
produce those things which it could have escaped if it had not produced them.” One 
advantage of using quasirent rather than profit as a tool to measure welfare is profit 
understates the benefits accruing to a firm from doing business, whereas quasirent does 
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not (Just, Hueth, and Schmitz 2004). Furthermore, the authors explain the change in 
quasirent associated with a price change provides an exact measure of both 
compensating and equivalent variations. Quasirent was used to measure the welfare 
impact as a result of feed cost shocks on different market participants. The subsequent 
sections describe the details of estimating the welfare change over the 10 year time 
horizon.  
4.8.2. Cow-Calf Producers  
            This section describes the measurement of welfare effect on cow-calf producers 
as a result of feed cost shocks. Quasirent was measured considering input costs and 
output price changes over the projection period. 
          Cow-calf producers receive receipts from selling, steers, heifers, and culled cows. 
They incur variable costs from, but not limited to, inputs from pasture, hay, protein, 
veterinary, and salt. The cost of corn and soybean meal has a small share in total variable 
costs at the cow-calf level, because the majority of diet is coming from pasture and hay. 
Holding the costs of pasture and hay fixed, the price increase of corn and soybean meal 
will not increase the total variable costs per cow significantly. However, since corn, 
soybean meal, and feeder steers are major derived input demands for feedlots, the 
increase in corn price reduces the price of feeder steers. Cow-calf producers accrue 
higher variable costs and lower output prices. The welfare effect as a result of both, input 
and output price changes, in terms of quasirent, is illustrated in figure 36. Suppose the 
feedlots bid down feeder steer prices as a result of an increase in feed costs. The price 
changes from 𝑝0 to 𝑝1 and quasirent changes from 𝑎 + 𝑏 + 𝑐 + 𝑑 to⁡𝑐 + 𝑑. Hence, cow-
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calf producers lose the area of 𝑎 + 𝑏. Given variable costs also change as a result of feed 
cost shocks, price of inputs increase from 𝑤0 to 𝑤1. The input market consumer surplus 
changes from  𝑣 + 𝑦 to 𝑣. Thus, cow-calf producers also lose the area of 𝑦 and total 
welfare loss in a given year is represented by the area of 𝑎 + 𝑏 + 𝑦. The size of change 
depends upon the magnitude of input and output price changes.  
 
 
Figure 36. Theoretical impact of feed cost shocks on cow-calf producers 
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            Yearly quasirent was calculated over the 10 year time horizon under the two 
scenarios. The yearly projected output prices of feeder steer, heifers, and culled cows, 
along with yearly changes in the variable costs were used for the analysis. The receipts 
are calculated from the number of cows culled in the given year, number of steers sold, 
and the amount of total heifers less the number of heifers retained to the herd. In terms 
of the variable costs per cow, only corn and soybean meal prices were changed based on 
the price projections summarized in table 22. The cost of the other variables inputs were 
assumed to be the same under both scenarios. The estimated results are summarized in 
table 42. The projected values indicate yearly welfare change is negative for the first 9 
years of the projected time horizon and becomes positive for the terminal year. The feed 
cost increases have a larger impact in the first 4 years and relative to the long-run. One 
reason for this result is that the difference in corn prices between the two scenarios is 
greater in the short-run than in the long-run (table 22). This implies it takes around 9-10 
years for the market to adjust. Given that the feeder steer prices go down in the short-
run, the decreased beef cow inventory has a dynamic effect in the long-run and feeder 
steer price is actually higher under the alternative scenario by 2022 and 2023. The 
expected welfare change by the terminal year is positive. However, the total aggregated 
welfare effect over the 10 year time horizon is -$3.8 billion. Although this is a nominal 
aggregation, one might need to discount the total effect or give different weights to these 
changes for a specific year. However, even if less weight is given to the later years, the 
majority of the impact is felt in the short-run. When it comes to the relative loss, cow-
calf producers lose 4% of the aggregated quasirent as a result of the RFS2 mandate. This 
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translates into1.21% reduction in the receipts and 0.11% increase in the costs, 
aggregated over the 10 year time horizon.   
 
Table 42. Mean Welfare Change for Cow-Calf Producers, 2014-2023 (Thousand Dollars) 
 
 
4.8.3. Feedlot Level  
            Evaluating welfare change at the feedlot level is more complex because there is 
more than one input cost change. Given the value-of-marginal product curves 
correspond to demand for an input when uses of other inputs are held constant, the 
situation is slightly different in the case of analyzing a feedlot sector. However, Just, 
Hueth, and Schmitz (2004) describe that the derived demand curve is the appropriate 
concept to use in measuring quasirent for the producer when the production requires 
positive use of those inputs. Given both feeder steer and corn are required inputs for 
producing fat cattle, quasirent is the correct measure of welfare in the case of multiple 
input price changes. The graphical representation of the sequential changes in this sector 
is presented in figure 37. Suppose initially, as a result of RFS2, the price of corn goes up 
Year Quasirent (Baseline) Quasirent (Alternative) Change in Quasirent
2014 $8,981,487 9,793,575$   ($812,088)
2015 $9,187,091 9,691,694$   ($504,603)
2016 $9,280,644 10,018,215$ ($737,571)
2017 $9,339,065 9,851,237$   ($512,172)
2018 $9,458,795 9,936,343$   ($477,548)
2019 $9,703,991 10,040,368$ ($336,377)
2020 $10,034,298 10,286,383$ ($252,086)
2021 $10,171,657 10,317,407$ ($145,749)
2022 $10,618,556 10,678,908$ ($60,352)
2023 $10,577,797 10,551,761$ $26,036
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from 𝑤2
0 to 𝑤2
1. The welfare changes from 𝑣 + 𝑥 + 𝑦 + 𝑧 to 𝑣 + 𝑥. Thus, the welfare 
loss initially is 𝑣 + 𝑥. Given the increase of one input price (corn), will put the 
downward pressure on the feeder steer price, the price of the other input goes down from 
𝑤1
0 to 𝑤1
1. The welfare changes from 𝑟 + 𝑠 to 𝑟 + 𝑠 + 𝑢 + 𝑣. Hence, the gain is 
represented by 𝑢 + 𝑣. Finally, the change of input prices puts upward pressure on the 
output price due to decreased production. Holding the input prices constant at 𝑤1
1 and 
𝑤2
1, the price increases from  𝑝0 to 𝑝1, and the producer surplus changes from 𝑐 to 𝑐 + 𝑎, 
for a gain of area 𝑎. Summing the sequential changes over the three markets obtains area 
𝑎 + 𝑢 + 𝑣 − 𝑦 − 𝑧, which will measure the overall gain (loss, if negative) in quasirent at 
the feedlot level associated with the multiple input and output price change from 
(𝑝0, 𝑤1
0, 𝑤2
0) to  (𝑝1, 𝑤1
1, 𝑤2
1). The sign of the overall effect depends on the magnitude of 
each component. For example, if the price of corn increases significantly and the price of 
the feeder steer decreases marginally, while fat cattle price increases slightly, the overall 
sign is expected to be negative. The sign will also depend on the change of quantity 
usage of inputs and the change in the quantity of output produced.  
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Figure 37. Theoretical impact of feed cost shocks at feedlot level 
 
            Yearly quasirents were calculated as a result of multiple input price and output 
price changes under two scenarios. Increases in feed cost were accounted for in terms of 
cost of gain per hundredweight. That is, the estimated cost for the amount of feed it takes 
to go from the initial weight of the feeder steer to the finished weight of the fat steer. The 
estimated results are summarized in table 43. The results indicate the impact of RFS2 
mandate, as expected, is much larger at the feedlot level than at the cow-calf level. The 
mean quasirents are negative in the first three years under the baseline scenario. Given 
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the average corn price increase between the two scenarios is about 30% in the first three 
years, the results are not surprising. It is also noticeable that yearly quasirent increases 
under both scenarios. As illustrated in table 22, the projected corn prices actually drop in 
the long-run under both scenarios, which substantially reduces the cost of gain. 
However, when comparing the two scenarios, the overall nominal effect of feed cost 
shocks over the 10 year time horizon is about -$4.6 billion. This occurs because the 
increase of feed costs shocks does not reduce the other input price (feeder steer) low 
enough. It also does not increase the output price (fat cattle) high enough to outweigh the 
loss caused by the increase in the cost of gain. Using the same argument, feeder steer 
prices are not projected to decrease dramatically as a result of feed cost shocks. Given 
corn has a relatively smaller share in the total diet at the cow-calf level, the overall 
impact of the feed cost shocks is substantially lower at the cow-calf level, than at the 
feedlot level. As calf supplies become tight, the feedlots have to bid high prices on the 
feeder cattle. The increase in the feed costs are not offset by the reduction of feeder steer 
prices. In particular, feedlots experience 2% increase in receipts and 3% increase in 
costs, aggregated over the 10 year time horizon. In terms of the relative welfare change, 
the impact of the feed costs shocks on the feedlots is about 43% reduction in quasirent, 
aggregated over the 10 year time horizon. The substantial change in quasirent is caused 
because the variable is, on average, 2.2% of the total receipts.  
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Table 43. Mean Welfare Change at Feedlot Level, 2014-2023 (Thousand Dollars) 
 
 
4.8.4. Dairy Producers  
            Analyzing the welfare change for the dairy producers is slightly more 
complicated. Dairy producers can voluntarily choose to participate in the DMPP, which 
is a market stabilization tool to protect farmers’ assets. The payment depends on actual 
milk production and is subject to an annual fee. Given the margin protection program is 
similar to purchasing insurance, which is individual based, and this research is a macro 
level model which tracks the milk production and dairy inventory on a state basis, the 
evaluation of welfare effect will omit any additional payments that could be received by 
the farmers as a result of the government intervention. However, the voluntary Basic 
Margin Protection (BMP) insures a single $4.00/cwt. margin and as illustrated in section 
4.7.11, the margin is expected to be greater than $4.00/cwt. under the both scenarios in 
the next 10 year of time horizon. Omitting the basic DMPP program in the welfare 
analysis will not substantially bias the estimation.   
            The welfare change for the dairy producers is similar to the welfare evaluated at 
Year Quasrent (Baseline) Quasirent (Alternative) Change in Quasirent
2014 -$294,609 $582,106 ($876,715)
2015 -$366,993 $273,206 ($640,199)
2016 -$88,375 $773,014 ($861,389)
2017 $172,482 $796,255 ($623,772)
2018 $317,569 $877,671 ($560,102)
2019 $628,668 $1,040,411 ($411,743)
2020 $1,099,229 $1,404,248 ($305,019)
2021 $1,029,600 $1,220,728 ($191,128)
2022 $1,683,144 $1,786,835 ($103,691)
2023 $1,463,045 $1,510,477 ($47,432)
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the cow-calf sector. However, the difference is increased feed costs will theoretically 
increase the output price, as well. The expected change in welfare for the dairy 
producers as a result of the feed cost shocks is illustrated in figure 38. Suppose, as a 
result of RFS2 mandate, cost of inputs changes from 𝑤0⁡to 𝑤1, consumer surplus 
changes from 𝑣 + 𝑥 + 𝑦 + 𝑧 to 𝑣 + 𝑥 for a loss of area 𝑣 + 𝑥. Holding the input price at 
𝑤1 constant, the output price increases from 𝑝0 to 𝑝1 as a result of the decreased 
production. The output producer surplus changes from 𝑐 to 𝑐 + 𝑎, for a gain of area 𝑎.  
Summing the sequential changes the two markets obtains area of 𝑎 − 𝑦 − 𝑧.  
 
 
Figure 38. Theoretical impact of feed cost shocks on milk producers 
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            The aggregate revenue generated from milk production is much larger than the 
size of revenue generated from cow-calf producers and feedlots taken together. The total 
welfare change in the dairy industry was expected to be higher than the change analyzed 
for beef. The mean projected yearly quasirent and the change is summarized in table 44. 
Given the projected corn prices are significantly lower than the prices observed during 
the drought, the dairy producers are expected to have good financial situation under both 
scenarios. The yearly quasirents are positive and show an upward trend starting in 2017. 
However, the difference in quasirents between the two scenarios is nontrivial. As 
expected, baseline scenario shows that the output price increase does not outweigh the 
increase in the cost of production and the decrease in the output level produced. The 
change in welfare is negative in every year of the forecasted time horizon. The total 
nominal value of the change is about -$16 billion.  Similar to the results found in the 
previous two sections, the impact of the feed cost shocks is much larger in the short-run 
than in the long-run. As pointed out earlier, the difference in corn prices between the two 
scenarios is much greater in the short-run, than in the long-run. Another reason is the 
market adjusts in the long-run and the difference between the two scenarios becomes 
smaller. Even though the estimated change in welfare is the highest for the dairy 
producers, in terms of the absolute value, the relative value compared to the size of the 
industry is significantly smaller compared to the feedlot level. In particular, milk 
producers experience about 1.9% increase in the revenue and 7.83% increase in the 
costs, aggregated over the 10 year time horizon. Aggregated welfare loss for the dairy 
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producers is about 16%. Even though 16% is not a trivial rate, the relative loss for the 
dairy producers is much smaller than the loss for the feedlots. 
  
Table 44. Mean Welfare Change for Milk Producers, 2014-2023 (Thousand Dollars) 
 
 
4.9. Conclusion 
            The objective of this research was to study the economic consequences of 
changes in the feed costs on the beef and dairy sectors, due to renewable fuel policy 
mandates. After running the baseline scenario, the effect of RFS2 was analyzed through 
relaxing the policy through lowering the feed costs. Structural producers’ supply and 
demand functions for the cattle and dairy sectors were estimated given the feed costs and 
biofuel sectors were exogenous. The changes in output price, supply response, and 
demand for inputs were analyzed to study the impact of the changes in feed costs. Using 
the partial equilibrium approach, beef and dairy sectors were solved iteratively to obtain 
a simultaneous solution, given the policy changes macroeconomic impacts, and other 
assumptions regarding the outside exogenous factors. The solution in both sectors was 
Year Quasirent (Baseline) Quasirent (Alternative) Change in Quasirent
2014 $8,774,505 $10,201,197 $1,426,692
2015 $6,403,082 $9,572,269 $3,169,187
2016 $6,701,690 $9,438,956 $2,737,267
2017 $6,380,458 $9,184,425 $2,803,967
2018 $7,211,778 $9,268,618 $2,056,840
2019 $8,000,952 $9,680,779 $1,679,826
2020 $8,935,520 $10,122,409 $1,186,889
2021 $9,666,189 $10,480,171 $813,982
2022 $10,333,703 $10,752,035 $418,333
2023 $10,429,769 $10,515,538 $85,769
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obtained when the squared difference between the supply and demand in each market 
was minimized and the vector of prices and other endogenous variables were estimated 
for all component models. Since the model is recursive, the estimated vector of prices 
and endogenous variables in the given year were used to solve for the endogenous 
variables in the following year.   
            After running both scenarios, the results indicated that due to RFS2 mandate, 
more beef cows were slaughtered in the short-run, which resulted in the increase of the 
beef production at the beginning. Fewer heifers were retained as a result of the lower 
marginal returns and fewer fed cattle were slaughtered by the feedlots, beef production 
decreased by 179 million pounds, on average, in the long-run compared to the alternative 
scenario. Due to increased beef production in the short-run, the results in the export 
market show increased demand in the short-term. However, lower beef production, 
hence higher beef retail price, show a decline in the export market in the long-run. The 
effect of RFS2 on the fed cattle price and cow price, Sioux Falls, was immediate and 
both prices were higher under the baseline scenario. Feeder steer prices decreased in the 
short-run on average by $3.90 as a result of the feed costs shocks. Liquidation of the cow 
herd and more aggressive bidding by the feedlots resulted in the increase of the feeder 
cattle prices in the long-run compared to the prices obtained under the alternative 
scenario. No major changes were observed in the retail sector. Beef retail price 7 cents 
higher under the baseline scenario by 2023. 
             The higher feed costs decreased the supply and exports, and increased the 
wholesale prices of butter, American cheese, nonfat dry milk, and evaporated and 
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condensed milk sectors in the long run. The impact of the feed cost shocks were 
relatively stronger on butter and American cheese markets and relatively weaker on 
nonfat dry milk and evaporated and condensed milk sectors. The long-run implications 
of RFS2 mandate on the prices of Class I, Class II, Class III, Class IV, and all milk were 
by $0.36, $0.36, $1.00, $0.32, and $0.52 higher per hundredweight, on average, 
respectively. The long-run impact on the average milk production was 1.7 billion pounds 
lower as a result of higher feed costs. 
            Welfare evaluations on the different market participants indicated that the RFS2 
mandate has a substantial impact on feedlots. The increase in corn and soybean meal 
prices did not result in reducing the feeder steer prices and increasing the output prices 
enough to outweigh the increase in feed costs. Aggregate nominal loss of welfare for the 
feedlots is 43% as a result of the feed cost shocks. However, overall profitability for the 
feedlots look financially manageable as the quasirents are increasing in the long-run 
under both scenarios. The affect of the feed cost shocks on dairy producers was 
somewhat moderate. The overall nominal loss in welfare was about 16%. However, it is 
worth mentioning that under the both scenarios, the margin between the all milk price 
and the feed costs is expected to be positive for the projection period. The affect of the 
feed cost shocks on cow-calf producers was minimal. Given corn and soybean meal 
account for less than 2%, on average, of total variable costs, and considering that the 
feeder steer prices are not expected to go down dramatically, the total nominal welfare 
loss is about 4%.   
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5.  THE VALUE OF WHOLE AND POST EXTRACTED 
 ALGAE MEALS FOR AQUACULTURE 
 
5.1. General Overview 
            Aquaculture is one of the most aggressively growing sectors in global 
agriculture; it is expanding more rapidly than all other animal food producing industries 
(Wijkström 2009).The growth of world aquaculture has been intense during the last fifty 
years, increasing by approximately 10% per annum in the last decade (Brugère and 
Ridler 2004). A significant portion of this growth is due to the substantial increase in 
China’s aquaculture production. It has been estimated that the growth of aquaculture will 
continue to expand in the coming years as the demand for and the consumption of 
aquaculture products increases (Delgado et al. 2003; Brugère and Ridler 2004; Failler 
2006). 
            Currently, fishmeal is the most important nutrition-feed ingredient used in 
aquaculture diets. There are two primary reasons for fishmeal being so popular in 
aquaculture diets: it has high protein content and a virtually ideal amino acid profile for 
most aquatic species. As aquaculture has been rapidly expanding, the demand for 
fishmeal has been increasing as well. Since fishmeal production depends primarily on 
wild stocks of pelagic species, it relies heavily on external factors. Since the 1990’s, the 
global fisheries capture has remained relatively stable, ranging between 20 and 25 
million tons. In addition, the research also shows that the production of fishmeal will 
remain static during the next decade (Pike and Barlow 2003). 
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          Shields and Lupatsch (2012) underline the fact that the source of fishmeal in 
aquaculture is finite and due to increased prices of fishmeal and fish oil, there has been a 
growing interest to viable alternatives to fishmeal.  The alternative feed ingredients that 
have been considered so far are both plant based and animal based. Those include but 
are not limited to: soybean meal, linseed meal, corn gluten meal, meat and bone meal, 
and hydrolyzed feather meal. 
            Algae have also been considered to be potentially viable alternatives feed 
ingredient in aquaculture. Algae have attractive properties as candidate replace meals, 
because they are rich in protein and carbohydrates, which are necessary components in 
human and animal diets. Algae also contain a high percentage of lipids which are crucial 
in aquaculture diets. Moreover, production of algae has the potential for reducing 
greenhouse gas emissions, which attracts the interest of both the private and public 
sector.  
5.1.1 Statement of the Problem 
            Since no market exists for algae, the prices are not observed. Thus the economic 
feasibility of algae production is difficult to analyze, given the uncertain value of 
potential co-products.  
5.1.2 Objective 
            The objective of this study is to estimate the approximate value of whole algae 
and post extracted algae residue (PEAR) meal as an aquaculture feed using hedonic 
pricing techniques. For this purpose, eighteen different feed meals commonly having the 
same usage, (for example, soybean meal, cottonseed meal, linseed meal) are 
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decomposed into their nutritional values for aquaculture to calculate the market values of 
components. The calculated values of these characteristics are used to estimate the value 
of whole algae and post extracted algae meal given the nutrient content of each. 
5.2. Literature Review 
5.2.1. Introduction  
            Current fishmeal production limits and price fluctuations suggest that reduced 
reliance on fishmeal would be desirable. As discussed earlier, the fishmeal production 
over the past decade has been stable, even though aquaculture has been growing 
significantly. Fishmeal production resources are currently utilized at capacity, which 
significantly limits the possibility of expansion in the future. Researchers have 
anticipated the problem for three decades, and a potential substitution for fishmeal has 
been aggressively sought. Over this time, there has been extensive research; however no 
suitable solution has been found. For example, the raising of salmon, tilapia, and shrimp 
requires feed containing large amounts of high value proteins and lipids (in particular the 
omega-3 fatty acids), which are mostly provided by fishmeal. As described below, it is 
possible to reduce the dependence on fishmeal, although total substitution of fishmeal 
with other ingredients is highly unlikely without affecting the growth performance of 
fish or shrimp.  
5.2.2. Potential Substitution of Fishmeal by Various Ingredients 
            Cuzon (1989) discussed the importance of different types of ingredients for 
shrimp feed.  The authors mention major components of shrimp feed which include 
soybean meal, yeast, shrimp meal, and fishmeal. Fishmeal was found to be the major 
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component in the feeding diet. They find that there is a possible indication of 
antinutritional effects of large amounts of soybean meal. The replacement of fishmeal in 
shrimp feed does not affect growth rates up to 20% inclusion. Their results showed that 
beyond this level, minor negative effects were observed. Their analysis concluded that 
an optimal shrimp feeding diet consisted of 30-40% of fishmeal, 7-15% shrimp meal, 5-
15% soybean meal.   
            Sivanandavel, Soundarapandian, and Kannupandi (2007) assessed the effect of 
various feed ingredients on growth, survival, production and the feed conversion ratio of 
white shrimp. The authors conducted four independent experiments in four cages. The 
shrimp in the first cage were fed with a fishmeal based diet, the second with a clam meal 
based diet, the third with a soybean based diet and the fourth with a mixed diet of 
fishmeal, clam meal and soybean meal. An experiment was conducted over 100 days. 
The results indicated that shrimp fed with mixed diets showed the highest growth, 
followed by clam meal, soybean meal, and fishmeal based diets, respectively. Also, 
shrimp fed with mixed diet showed the highest survival rate of 97%, followed by clam 
meal based diet (91.8%), soybean based diet (85.4%), and fishmeal based diet (82.2%). 
The results also indicated that the maximum production rate was recorded for the shrimp 
with the mixed fed diet and the minimum production rate was obtained shrimp fed with 
the fishmeal based diet. 
            Amaya, Davis and Rouse (2007) discuss the importance of fishmeal in shrimp 
feed diets and its potential substitution with high-quality plant proteins. The study was 
conducted by American Soybean Association. Their analyses show that fishmeal can be 
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included at lower levels with no adverse effects and compromising its growth. Four 
independent experiments were conducted using 9%, 6%, 3%, and 0% fishmeal; 32.48%, 
34.82%, 37.17%, and 39.52% soybean meal, and 0%, 1.67%, 3.17%, 4.84% corn gluten 
meal  respectively in each diet with other fixed feed components. After 18 weeks of 
experiment, the study showed that performance differences between treatments were not 
statistically significant. The authors concluded that a combination of soybean meal and 
corn gluten meal can completely substitute for fishmeal without affecting the 
performance of shrimp and reduce the feed costs. 
          Smith et al. (2000) mention that world fishmeal production is unlikely to increase 
further. Their analyses show that low-ash meat meals have the greatest potential to 
replace fishmeal in shrimp diets. The authors conclude that meat meal can replace 
approximately half of the digestible crude protein, and dehulled lupins can replace a 
quarter of the digestible crude protein in a shrimp diet without significantly affecting 
biological performance.  
          Barziza (2005) discusses that fishmeal unlikely would be completely removed 
from shrimp feeds. However the use could be reduced and combinations of ingredients 
could help decrease the use of fishmeal. The study shows that only partial replacements 
are possible from various alternative feed ingredients. Meat and bone meal have 
possibility to replace up to 25% of fishmeal without affecting the performance. Poultry 
by-product meal could replace up to 17% of fishmeal and blood meal could replace no 
more than 10% of a fishmeal. The research shows that soybean meal has the highest 
potential to replace fishmeal up to 80% without affecting the growth performance.  
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5.2.3. Potential Substitution of Fishmeal by Algae  
            Olivera-Novova et al. (1998) conducted a study to evaluate the use of microalga 
Spirulina maxima as a fishmeal replacement in practical diets for tilapia, with the 
objective of evaluating its nutritional quality and determining the best substitution level. 
Their experiment included five formulated diets using the microalga spirulina to 
substitute for 20%, 40%, 60%, 80%, and 100% fishmeal. The substitution effect was 
compared to the diet in which the fishmeal was the sole protein source. Each diet was 
formulated to provide 35% protein and 10% lipids. The treatment was studied for 9 
weeks and the results indicated that the growth rate and protein utilization of fish fed the 
diet with 20% and 40% Spirulina were evaluated and not significantly different from the 
fishmeal source diet. The study showed that the further increase in the alga protein 
content at the expense of fishmeal significantly decreased the growth and feeding 
performance. The authors conclude that Spirulina can replace up to 40% of the fishmeal 
protein in tilapia diets without any adverse effects and suggest that the plant proteins in 
general could have a lower dietary quality than fishmeal.  
            Similar results were obtained by Tartiel et al. (2008) where they examined the 
effect of partial replacement of fishmeal with dried microalgae (Chlorella spp and 
Scenedesmus spp) in Nile tilapia (Oreochromisniloticus) diets on fish growth 
performance. Nine different diets were formulated and the results indicated that algae 
could be utilized in tilapia diets up to 50% instead of the dietary ingredient without 
adverse effects on fish growth performances, feed utilization parameters and body 
composition. 
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            Hanel et al. (2007) conducted an eleven-week trial to evaluate the growth effect 
of partial replacement of fishmeal by the microalgae Spirulina platensis in the diet of 
juvenile Pacific white shrimp Litopenaeusvannamei (Boone). Three experimental diets 
and a reference diets were used, microalgae Spirulina plantesis diet, commercial carp 
feed diet, bacterial mud feed diet, and commercial fish feed as a reference diet (used 
43.2% of fishmeal). Their results indicated that Spirulina-fed shrimp showed the highest 
final weight, followed by commercial fish feed, carp feed, and bacteria diet fed shrimp, 
although Spirulina  plantesis diet still contained 10% of fishmeal. Moreover, Spirulina-
fed shrimp showed stronger pigmentation than any other diets. However the authors 
suggest that, some kind of nutritional factors like minerals and vitamins further add up to 
the good nutritional quality of the algae.   
            Benemann (1992) describes the importance of two types of microalgae in 
aquaculture: Haematococcus and Spirulina. Haematococcus can be used in salmon feed 
diets for giving the red coloration as it contains 2 to 5% of astaxanthin. Although the 
nutritional value or flavor of salmon flesh is not enhanced by the red coloration typical 
of salmon, consumers prefer naturally colored salmon flesh. The author suggests the 
extraction of the astaxanthin pigment from Haematococcus rather than using the entire 
bulk biomass. His analyses show that Spirulinacontainsabout 0.25% of total 
xanthophylls which is equivalent of astaxanthin and it is stated that actual pigmentation 
effectiveness of Spirulina for salmon is not known.    
            Muller-Feuga (2000) investigated the nutritional role of microalgae in 
aquaculture for different species and their analyses showed the positive results when 
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used the following species, Skeletonema, Chaetoceros, Tetraselmis, Chlorella and 
Isochlorysis. Apt and Behrens (1999) mention microalgae as a commercial source of 
polyunsaturated fatty acids, and even of energy, high quality proteins, vitamins and 
steroids.  
5.3. Data and Input Variables 
            Prices of eighteen different feed meals are used as a vector of independent 
variables. From the pool of oilseed products and animal byproducts, the following 
variables were chosen since they are all feed ration ingredients: soybean meal (high 
protein), soybean meal (low protein), soybean hulls, whole cottonseed, cottonseed meal, 
cottonseed hulls, linseed meal, poultry byproduct meal, hydrolyzed feather meal, meat 
and bone meal, canola meal, sunflower meal, corn gluten meal, prime tallow, yellow 
grease, bleachable fancy tallow, vegetable-animal blend, most importantly, menhaden 
fishmeal. 
            Weekly prices from January 2005 to the fourth quarter of 2012 were used in the 
analysis. Price observations at Fort Worth, Texas, for fourteen commodities were 
obtained from the Miller Publishing Company publication Feedstuff. Weekly prices for 
menhaden fishmeal and corn gluten meals and weekly prices for canola meal and 
sunflower mean were obtained from the same source but for Chicago, IL and 
Minneapolis, MI, respectively (due to data unavailability for Fort Worth). The 
nutritional compositions of each feed meal represent the independent variable in the 
hedonic regression. Thus, the first step of the model was to carefully select independent 
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variables for the regression which was based on the relative importance of each 
characteristic for the fish feed ration. 
5.3.1. Proteins 
            The proteins are among the most important nutrients of all living cells and 
excluding water, represent the largest chemical group in the animal body, a whole fish 
carcass contains on average 75% water, 16% protein, 6% lipid, and 3% ash. Tacon 
(1987) describes proteins as “essential components of both the cell nucleus and cell 
protoplasm, and thus account for the bulk of the muscle tissues, internal organs, brain, 
nerves and skin.” 
According to Tacon (1987), the function of proteins for fish nutrition may be 
summarized as follows: 
 “To repair worn or wasted tissue (tissue repair and maintenance) and to rebuild 
new tissue (as new protein and growth). 
 Dietary protein may be catabolized as a source of energy, or may serve as a 
substrate for the formation of tissue carbohydrates or lipids. 
 Dietary protein is required within the animal body for the formation of hormones, 
enzymes and a wide variety of other biologically important substances such as 
antibodies and hemoglobin.” 
In contrast to livestock diets, fish diets are very high in protein. The typical diet usually 
contains at least 50% of protein.  Protein levels on grow-out diets often approach or 
exceed 40% crude protein, while maintenance diets may contain as little as 25-35%. 
Currently, fish meal is a primary source of protein in both fish and shrimp diets. The 
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reason is that in addition to protein, fish meal contains essential amino and fatty acids 
that usually are not present in tissue from terrestrial plants or animals. 
            Thus, protein is a vital nutrient for the maintenance and growth of fish. In 
literature, usually protein is reported as crude protein (CP), which represents 
approximate total nitrogen multiplied by 6.25 in the diet. Since crude protein is the 
closest estimation of the percentage of protein in the sample, it is considered to be a 
candidate in the regression. 
5.3.2. Energy 
            Fish and shrimp require food to supply the energy that they need for movement 
and all the other activities. In literature, energy is defined as the capacity to do work. For 
example, New (1987) explains that “energy is required to do mechanical work (muscle 
activity for movement), chemical work (the chemical processes which take place in the 
body), electrical work (nerve activity) and osmotic work (maintaining the body fluids in 
an equilibrium with each other and with the medium, whether fresh, brackish or seawater 
in which the animal lives).” Hence, energy is not a nutrient. It is rather an end-product of 
absorbed macroorganic nutrients when they are oxidized and metabolized. The National 
Research Council reports Total Digestible Nutrients (TDN) as the most frequently used 
measurement of energy content. TDN was considered to be candidate in the equation 
from the energy measurements.  
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5.3.3. Lipids 
            Lipids (fats) are high-energy nutrients that can be used to partially substitute 
protein in aquaculture feeds. Usually, lipids supply approximately twice the energy as 
proteins and carbohydrates. Fish diets contain about 15% of lipids since they also supply 
essential fatty acids that cannot be synthesized by the organism (Gatlin 2010). 
            Ether Extract (EE) is equivalent to lipids and represents an estimate of total fat or 
oil content, which is a rich source of energy. This nutrient group consists of several 
different compounds. Neutral lipids (fats and oils), in the form of triglycerides, provide a 
concentrated source of energy for aquatic species. Thus, EE were chosen to be also one 
of the candidates in the equation.  
5.3.4. Minerals  
            Minerals are inorganic elements and they are necessary in the feed diet for 
normal body functions. Minerals are divided into two groups: macro-minerals and 
micro-minerals. Common macro-minerals are sodium, chloride, potassium and 
phosphorous. Micro-minerals such as copper, iodine, and zinc are required in small 
amounts. Usually the key minerals in feeding diet are calcium and phosphorous.  
However, different from livestock and other animals, fish are able to absorb majority of 
the minerals from water, thus requiring lower amount in their diet. More about 
considering minerals into the equation will be discussed below. 
5.3.5. Amino Acids 
            The nutritional value of a particular protein, as described previously, is based on 
the types and amounts of its amino acids, because proteins are formed by linkages of 
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individual amino acids. Having high protein content in a particular feed meal does not 
imply that it will have well balanced amino acids. Although over 200 amino acids occur 
in nature, only about 20 amino acids are common. Of these, 10 are essential 
(indispensable) amino acids that cannot be synthesized by fish. The 10 essential amino 
acids that must be supplied by the diet are: methionine, arginine, threonine, tryptophan, 
histidine, isoleucine, lysine, leucine, valine and phenylalanine. Of these, lysine and 
methionine are often the first limiting amino acids that are common in plant type based 
meals. For example, fish feeds prepared with plant (soybean meal) protein typically are 
low in methionine and lysine; extra methionine is usually added to soybean-meal based 
diets to promote optimal growth and health (Craig 2009). Animal proteins are more 
complete, providing well balanced amino acids which are not available in plant based 
proteins.  
            Even though all essential amino acids are required for proper fish nutrition, 
including all of them in the model would not be practical. Two of the most crucial amino 
acids were picked according to their deficiency signs in fish and shrimp: methionine and 
lysine. Deficiency of those amino acids in feed meal causes dorsal/caudal fin erosions; 
increased mortality, scoliosis, iordosis, and decreased carcass lipid content. Additionally, 
methionine deficiency is one cause of lens cataracts (Poston et al. 1977). Between these 
two amino acids, methionine is the most desirable amino acid in fish diets, since they are 
available only in limited amounts from plant based proteins. 
            It can be concluded that the protein quality of a feed ingredient is dependent 
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upon the amino acid composition of the protein and the biological availability of the 
amino acids present. 
5.4. Methodology and Model Development 
            In a hedonic regression, selecting important independent variables and 
corresponding dependent variables are two distinct tasks. Correctly specified models are 
important to ensure that there is no endogeneity bias or measurement error in the model. 
The number of independent variables is also important to avoid over fitting and to allow 
for sufficient degrees of freedom. The methodology, discussed below, will be considered 
for the model estimation. For simplicity, consider the simple regression model: 
𝑦 = 𝑋𝛽 + 𝜖                                                                                                                   (5.1) 
where,⁡𝑦⁡is a vector of observations, 𝑋 is a matrix of known covariates, β is a vector of 
unknown regression coefficients, and⁡𝜖⁡is a vector of (unobservable random) errors. In 
this model, the regression coefficients are considered fixed. However, there are cases in 
which it makes sense to assume that some of these coefficients are random. This is 
especially the case in the research studied here. In case of feedmeal analysis, it is 
reasonable to assume that the coefficients might change over time. For example, it is 
logical to think that the average value of protein in the first quarter of 2005 will differ 
from the average value of protein in the fourth quarter of 2012. Thus a different 
approach should be implemented to account for those effects. In particular, a linear 
mixed model is employed to provide this flexibility.  Following Laird and Ware (1982), 
the model will have the following order: 
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𝒚𝒕 = (𝛽1 + 𝑏1𝑡)𝒙𝟏𝒕 + (𝛽2 + 𝑏2𝑡)𝒙𝟏𝒕 +⋯+ (𝛽𝑘 + 𝑏𝑘𝑡)𝒙𝒌𝒕 + 𝜺𝒕                                (5.2) 
 𝒚𝒕 is 𝑛⁡x⁡1 vector of feedmeal prices observed at time 𝑡.  
 𝒙𝟏𝒕, 𝒙𝟐𝒕, … , 𝒙𝒌𝒕 are vectors of independent variables reflecting the nutritional 
constituents of corresponding feedmeals. 
 𝛽1, 𝛽2…⁡𝛽𝑘are fixed effects coefficients that do not change over time. 
 𝑏1𝑡, 𝑏2𝑡, … 𝑏𝑘𝑡are random-effect coefficients for time t. Thus, they change over 
time but are fixed within the cross section. 
 𝜺𝒕⁡𝑖𝑠⁡𝑛⁡x⁡1⁡vector of errors for time 𝑡. 
Opening the parenthesis and grouping random effects and fixed effects coefficients 
along with covariates together yields: 
𝒚𝒕 = 𝛽1𝒙𝟏𝒕 + 𝛽2𝒙𝟐𝒕 +⋯+ 𝛽𝑘𝒙𝒌𝒕 + 𝑏1𝑡𝒙𝟏𝒕 + 𝑏2𝑡𝒙𝟐𝒕 +⋯+ 𝑏𝑘𝑡𝒙𝒌𝒕 + 𝜺𝒕                  (5.3) 
Transferring it into a matrix notation: 
𝒚𝒕 = 𝑿𝒕𝜷 + 𝒁𝒕𝒃𝒕 + 𝜺𝒕                                                                                                  (5.4) 
where 𝑋𝑡𝛽 is a fixed effect term and 𝑍𝑡𝑏𝑡 is a random effect term. 𝑍is a possibly full 
subset of the 𝑋 matrix. In particular, if all the coefficients are assumed to change over 
time, then 𝑋 and 𝑍 are identical. 
            In a linear mixed model, the common assumptions are that 𝑏𝑡and 𝜀𝑡, 𝑡 = 1,… . , 𝑇 
are independent.   
𝒃𝒕⁡~⁡𝑁(𝟎,𝑫)and 𝜺𝒕~⁡𝑁𝑛𝑡(𝟎, 𝑹𝒕) 
It is easy to notice that: 
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𝐸(𝒚𝒕) = 𝑿𝒕𝛽 
𝑉𝑎𝑟(𝒚𝒕) = 𝒁𝒕𝑫𝒁𝒕
′ + 𝑹𝒕 
A combined model can be represented as follows: 
(
 
 
 
 
𝒚𝟏
𝒚𝟐
𝒚𝟑
.
.
.
𝒚𝑻)
 
 
 
 
=
(
 
 
 
 
𝑿𝟏
𝑿𝟐
.
.
.
.
𝑿𝑻)
 
 
 
 
𝜷 + (
𝒁𝟏 ⋯ 𝟎
⋮ ⋱ ⋮
𝟎 ⋯ 𝒁𝑻
)
(
 
 
 
 
𝒃𝟏
𝒃𝟐
.
.
.
.
𝒃𝑻)
 
 
 
 
+
(
 
 
 
 
𝜺𝟏
𝜺𝟐
.
.
.
.
𝜺𝑻)
 
 
 
 
                                                 (5.5) 
Laird and Ware (1982) suggest a maximum likelihood estimation of the model. In 
particular, the coefficients of interest can be obtained as follows: 
?̂? = (∑ 𝑿𝒕
′(𝑻𝒕=𝟏 𝒁𝒕𝑫𝒁𝒕
′ + 𝑹𝒕)
−𝟏𝑿𝒕)
−𝟏∑ 𝑿𝒕
′(𝑻𝒕=𝟏 𝒁𝒕𝑫𝒁𝒕
′ +𝑹𝒕)
−𝟏𝒚𝒕                               (5.6) 
            The random effects, 𝑏𝑡, cannot be directly estimated; however they can be 
predicted by using the best linear unbiased predictor (BLUP) method. Following Jiang 
(2007), the random effects can be predicted as follows:   
?̂?𝒕 = 𝑫𝒁𝒕
′(𝒁𝒕𝑫𝒁𝒕
′ + 𝑹𝒕)
−𝟏(𝒚𝒕 − 𝑿𝒕?̂?)                                                                         (5.7) 
            Since the independent variables do not vary over time in this application (i.e. 
nutrient content of various feedmeals is assumed to be constant over time), the 
covariance structure of random effects will be estimated as independent from each other. 
In particular, covariance between random effects will be assumed to be zero. Following 
Laird and Ware (1982), the equation has the general form:  
?̂? = 𝑇−1∑ 𝒃𝒕𝒃𝒕
′𝑇
𝑖=1                                                                                                        (5.8) 
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           As described above, CP and EE are the main source of energy in the diet. 
Statistical result shows that including TDN, along with CP and EE makes the TDN 
variable redundant in the equation after CP and TDN are netted out. After controlling for 
CP and EE in the equation, the partial effect of TDN on the price of feed meal is zero. 
𝛦(𝑃𝑟𝑖𝑐𝑒𝐹𝑀|𝐶𝑃, 𝐸𝐸, 𝑇𝐷𝑁, 𝑜𝑡ℎ𝑒𝑟⁡𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝑠) = ⁡𝐸(𝑃𝑟𝑖𝑐𝑒𝐹𝑀|𝐶𝑃, 𝐸𝐸, 𝑜𝑡ℎ𝑒𝑟⁡𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝑠)   (5.9) 
            As discussed in the previous section, minerals play important role for the proper 
feed nutrition and for most of the animals, they are a necessary component in the diet. 
However, in the case of aquaculture, if water quality is good (depending on water 
salinity and acidity as well as the amount of dissolved calcium and magnesium in the 
water), fish and shrimp can absorb minerals from the water, which negates the need for 
them in the diet. Even though minerals in feed meals are important for the general 
consumption, if we truly wish to represent the model for aquaculture, including minerals 
will yield no substantial improvement. Thus, minerals have been excluded from the 
regression.   
            Choosing the appropriate essential amino acids in the equation is the most 
important part to truly capture the value of a particular feed meal for aquaculture. As 
described in the previous section, high protein in the feed meal does not imply well 
balanced amino acids, thus, both CP and particular amino acids must be presented in to 
the equation. Including all essential amino acids in the regression is impractical, because 
it would overfit the model and yield high multicolinearity among the independent 
variables. Since, methionine and lysine are considered the most critical amino acids in 
the diet and are presented in very limited amounts in plant based feed meals (especially 
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methionine), these two variables have been considered in the regression. Moreover, a 
quadratic function of methionine (Met2) was added in the model to capture increasing or 
decreasing marginal effect of this random variable.  
            The final model is divided by fixed effects and random effects coefficients 
represented by X and Z, respectively. 
𝑋𝑡 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡, 𝐶𝑃, 𝐸𝐸,𝑀𝑒𝑡,𝑀𝑒𝑡
2, 𝐿𝑦𝑠⁡ and 
 𝑍𝑡 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡, 𝐶𝑃, 𝐸𝐸,𝑀𝑒𝑡, 𝐿𝑦𝑠                                                                             (5.10) 
where the price of feedmeal (PriceFM) is determined by the constant, content of crude 
protein (CP),ether extract/fat (EE), methionine (Met), a quadratic function of methionine 
(Met2), and lysine (Lys). The stochastic error term is represented by the symbol ε in the 
equation. Thus, the prices of eighteen feed meals represent the set of dependent variables 
for the model, while the selected contents of feed meals were used as covariates in the 
regression. The weekly data from January 2005 to December 2012 were aggregated and 
transformed to a quarterly basis. The aggregated data represents a total of thirty-two time 
periods from the first quarter of 2005 to the fourth quarter of 2012. 
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5.5. Results 
            The linear mixed model was run for thirty-two time periods for eighteen 
commodities and the coefficients along with corresponding standard errors were 
reported. The results of the hedonic regression fixed effects parameter estimates are 
represented in table 45. The results indicate that all variables are significant at 99% 
confidence level.             
 
Table 45. Linear Mixed Model Regression Results of the  
Fixed Effects for Periods of Q1, 2005 through Q4, 2012* 
 
 
            Standard deviations of random effects coefficients parameters along with 
standard errors and 95% confidence intervals are reported in table 46. The model 
initially was run also with allowing Lys to vary over time, however the standard 
Coefficient Estimates
Constant 95.9
(9.23)
CP 3.47
(.31)
EE 4.91
(.40)
Met -264.54
(25.83)
Met
2
224.44
(8.82)
Lys 25.77
(3.67)
* Standard errors are in parentheses.
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deviation of the variable was literally zero and including Lys did not improve the overall 
chi-squared score. The table shows that, given the 95% confidence interval for standard 
deviations, it would seem that random slopes are significant. The likelihood ratio test 
was used to verify this fact and the result showed that the model with random slopes 
versus random intercept only had near-zero significance level and favored the model that 
allowed for random time specific regression line over the model that allowed only for a 
time specific shift. A likelihood-ratio test comparing the model with one-level ordinary 
linear regression is highly significant for. In particular, the Chi squared with four degrees 
of freedom showed a high value of 741.29, resulting in a p-value of less than 0.001.  
 
Table 46. Random-Effects Parameters Estimation of Constant, CP, EE, and MET** 
 
 
            Accounting for both methionine and the quadratic function of methionine in the 
regression has some interesting results. Since the coefficient of Met remained negative 
and the coefficient of Met2 was always positive, the quadratic has a parabolic shape. 
Estimate [95% Confidence Interval]
Constant 28.69 15.32 53.74
(9.18)
CP 1.08 0.72 1.62
(.22)
EE 2.19 1.70 2.84
(.28)
Met 77.77 57.45 105.28
(12.01)
**LR. Test vs. Linear regression:  Chi square(4) = 741.29 Prob > Chi square = 0.000
Standard errors are in parentheses.
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Over relevant ranges for aquaculture, high methionine content makes a substantial 
contribution to feed ingredient value.  
5.5.1. Hedonic Price Estimations for Whole Algae 
            Random effects were predicted for thirty-two time periods using BLUP method. 
Once the feed meal characteristics that have a significant impact on the feed meal prices 
were identified, the predicted coefficients were used in conjunction with the 
corresponding nutrient content of whole algae to determine the value of the product. The 
prices of whole algae were calculated at each time interval from the first quarter of 2005 
through the fourth quarter of 2012. 
            Four different species of whole algae were used for the determination of the 
value of whole algae per short ton: Scenedesmus obliquus, Chlorella vulgaris, Chlorella 
pyrenoidosa, and Spirulina maxima. The literature widely mentions these four species as 
the alternatives in aquaculture diet, plus these four species of algae appeared to have 
more or less well balanced nutrition contents.  
            Table 47 shows the chemical compositions of whole algae and PEAR used in the 
research.  
 
Table 47. Chemical Composition of Whole Algae Samples, Soybean Meal, and Menhaden Fishmeal 
 
 
Description Scenedesmus Obliquus Chlorella Vulgaris Chlorella Pyrenoidosa Spirulina Maxima Soybean Meal Menhaden Fishmeal
CP 53% 54.8% 57% 65.5% 54% 70%
EE 13% 18% 2% 6.5% 1.1% 10.7%
Met 0.8% 0.71% 1.03% 0.92% 0.68% 2.1%
Lys 2.97% 3.49% 4.5% 3.01% 3.08% 5.4%
Source: Becker. E.E. (1994)
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It is noted that plant based meals lack from methionine content, whereas menhaden 
fishmeal contains at least twice more of that amino acid than any plant based meal. 
However, when comparing whole algae with soybean meal, whole algae generally 
dominates soybean meal in any content component. Algae shows much more balanced 
amino acid profiles than soybean meal (especially spirulina maxima and chlorella 
pyrenoidosa).   
           Figure 39 shows the hedonic prices of four different algae species after plugging 
the coefficients to the respective chemical into the corresponding percentage content of 
whole algae.  
 
 
Figure 39. Price comparison of four different whole algae 
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            As represented in the graph, the hedonic prices of four different algae meals 
exhibit significant trends and are closely related. Initially the prices for algae range from 
$170 to $203 per short ton, where the minimum price is for Scenedesmus obliquus and 
the maximum for Chlorella vulgaris. The peak is reached in the third quarter of 2012, 
where the Chlorella vulgaris is priced the highest at $599/ton. The fourth quarter of 
2012 shows that Chlorella vulgaris is priced the highest at $564/ton, followed by 
Spirulina maxima - $563/ton, Chlorella pyrenoidosa - $560/ton, and Scenedesmus 
obliquus - $523/ton.   
5.5.2. Hedonic Price Estimations for PEAR 
            Four types of PEAR were used for the analyses: 1) Chlorella sp, flocculated 
spray dried pentane extracted meal (Chlorella sp). 2) Nanochloris oculata, flakes drum 
dried, hexane extracted meal (NO drum dried). 3) Nanochloris oculata, flocculated 
expanded collets, hexane extracted meal (NO floc). 4) Nanochloris oculata, spray dried 
expanded collets, hexane extracted meal (NO spray dried). Data obtained on four types 
of PEAR were used to determine the hedonic values based on their chemical 
composition. Chemical compositions are illustrated on table 48.  
 
Table 48. Chemical Composition of Post Extracted Algae Samples 
 
Description
Chlorella sp (flocculated 
spray dried pentane  
extracted meal)
NO drum dried 
(Nanochloris oculata, 
flakes drum dried, 
hexane extracted meal)
NO floc (Nanochloris oculata, 
flocculated expanded collets, 
hexane extracted meal)
   NO spray dried 
(Nanochloris oculata, spray 
dried expanded collets, 
hexane extracted meal)
CP 21.33% 35.50% 38.06% 23.24%
EE 0.76% 0.66% 1.90% 2.93%
Met 0.30% 0.29% 0.34% 0.28%
Lys 0.82% 1.29% 1.16% 1.08%
Source: Bryant et al. (2012)
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            Nutritional contents of PEARs are significantly lower than the contents of the 
four whole algae species analyzed in the previous section. Despite low EE compositions, 
CP, Met, and Lys contents are also significantly lower. Hedonic prices of PEARs were 
estimated by using the same equation as the one used for whole algae estimations. 
Estimated hedonic prices, as expected, were significantly lower than the whole algae 
species analyzed before. 
 
 
Figure 40. Value comparisons of four different PEAR meals 
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            As seen from figure 40, the hedonic prices of four different PEAR meals exhibit 
significant trends and are closely related. Initially the hedonic prices for algae range 
from $70 to $121/ton, where the minimum price is for Chlorella sp and the maximum 
for NO drum dried. The peak is reached in the third quarter of 2012, where NO floc is 
priced the highest at $332/ton and NO drum dried, and NO spray dried, and Chlorella sp 
are priced at $317, $267, and $232/ton, respectively.  
5.5.3. Comparison of Hedonic Values for Whole Spirulina maxima and NO floc 
PEAR with Actual Prices of Other Feed Meals 
            Because all four species of whole algae show similar trend and price movements, 
only one of four species of hedonic prices of algae (in this case Spirulina maxima) was 
plotted against the actual historic prices of different feed meals and the comparisons 
were reported. Likewise, we present only one of the four PEAR meal values. Four types 
of PEAR presented above exhibit same price movements and only prices of NO floc feed 
meal are plotted against other commodities in the figures represented below.  
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5.5.4. Whole Spirulina maxima and NO floc PEAR vs. Soybean Meal 
 
 
Figure 41. Value comparison of whole Spirulina maxima, NO floc PEAR and 
soybean meal (high protein) 
 
            Figure 41 demonstrates that, whole Spirulina maxima is priced higher in all 
periods than soybean meal. This result was expected, since whole Spirulina maxima 
dominates soybean meal in terms of nutritional content of all important nutrients. Whole 
Spirulina maxima has higher crude protein content, higher lipids and most importantly a 
better balanced amino acid profile. However, since they appear to be close substitutes, 
the movements of the prices are very similar. Both of the commodities exhibit the same 
trend and changes in the market values of the nutrients have similar impact on the prices 
of both feed meals.   
            On the other hand, soybean meal is priced higher in all periods than NO floc 
PEAR. Even though NO floc has higher lipid content than soybean meal, this result was 
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expected, because nutritional composition of NO floc is significantly lower than that of 
soybean meal. The difference is noticeable especially in terms of CP and lysine contents. 
Moreover, methionine content of soybean meal is twice as high than that of NO floc. 
Nevertheless, price movements of both feed meals are similar and they both exhibit 
similar trend.  
5.5.5. Whole Spirulina maxima and NO floc PEAR vs. Menhaden Fishmeal  
 
 
 
Figure 42. Comparison of whole Spirulina maxima value, NO floc PEAR value and 
menhaden fishmeal price 
 
            As illustrated in figure 42, the comparison of whole Spirulina maxima and 
menhaden fishmeal indicates that the latter is priced higher in all time periods. Since 
menhaden fishmeal is the main feed ingredient in aquaculture diets, the result was 
consistent with expectations. The reason can be explained simply: The nutritional quality 
of fishmeal is higher than any plant based meal and it has the most well balanced amino 
50.00
250.00
450.00
650.00
850.00
1050.00
1250.00
1450.00
$
/S
h
o
rt
 T
o
n
Time
Whole Spirulina maxima NO floc PEAR Menhaden Fishmeal
 138 
 
 
acid profile as well.  
            Initially the price difference between these two commodities is approximately 
$350. However as time elapses, the price difference becomes more apparent. In 2011, 
the price of fishmeal skyrocketed and reached over $1400, while the hedonic price of 
whole Spirulina maxima remained relatively balanced. In particular, the price difference 
between fishmeal and whole Spirulina maxima approaches approximately to $930 by 
third quarter of 2011.  
            The price movement deviation between fishmeal and two algae species are 
noticeable starting from 3rd quarter of 2009. At least two arguments can be presented to 
support the fact. Increased demand on aquaculture products by consumers accelerated 
the demand for fishmeal by the producers. Later, an earthquake in Chile in late February, 
2010 further tightened suppliers as Chile is the second largest fishmeal producer. By that 
time prices of fishmeal skyrocketed and reached record high. This fact further 
strengthens the argument that substitutability between fishmeal and plant based meals 
are limited.  
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5.5.6. Whole Spirulina maxima and NO floc PEAR vs. Corn Gluten Meal 
 
 
Figure 43. Comparison of whole Spirulina maxima value, NO floc PEAR value, and 
the price of corn gluten meal 
 
            The price movement between whole Spirulina maxima and corn gluten meal is 
very similar and the results are illustrated in figure 43. The difference is very small and 
at some point the prices are almost the same. However, corn gluten meal is priced higher 
in all time periods except the third quarter of 2006. Corn gluten meal has higher content 
of methionine, while whole Spirulina maxima has higher content of crude protein and 
ether extract, and lysine. As the graph demonstrates, the feedmeals are very close 
substitutes and the price differences are very small. 
            On the other hand, price competition between NO floc PEAR and corn gluten 
meal is not as tight as it was in the case of whole Spirulina maxima. NO floc PEAR has 
lower EE content than corn gluten meal. Moreover, CP and methionine composition of 
0.00
200.00
400.00
600.00
800.00
Q
1
-0
5
Q
3
-0
5
Q
1
-0
6
Q
3
-0
6
Q
1
-0
7
Q
3
-0
7
Q
1
-0
8
Q
3
-0
8
Q
1
-0
9
Q
3
-0
9
Q
1
-1
0
Q
3
-1
0
Q
1
-1
1
Q
3
-1
1
Q
1
-1
2
Q
3
-1
2
$
/S
h
o
rt
 T
o
n
Time
Whole Spirulina maxima NO floc PEAR Corn Gluten Meal
 140 
 
 
latter is three times higher than that of former. These differences are main reasons for 
corn gluten meal being priced higher NO floc PEAR. Price movements are similar, 
however.  
5.5.7. Whole Spirulina maxima and NO floc PEAR vs. Meat and Bone Meal 
 
 
Figure 44. Comparison of whole Spirulina maxima value, NO floc PEAR value, and 
the price of meat and bone meal 
 
            As illustrated in figure 44, whole Spirulina maxima is priced higher than meat 
and bone meal in all time periods. Whole Spirulina maxima has better nutritional quality 
in terms of crude protein and amino acid profile. Especially the difference can be noticed 
in crude protein content. Meat and bone meal has approximately 56% of crude protein 
content, whereas whole Spirulina maxima has about 65.5%. In terms of the amino acid 
profile, meat and bone meal contains about 0.73% of methionine and 2.6% of lysine, 
whereas Spirulina maxima has 0.917% of methionine and 3.013% of lysine. Conversely, 
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meat and bone meal has higher lipid content which is about 10%. However the price 
movements are very similar and they both have the similar trend. 
            Different from the above, meat and bone meal is priced higher than NO floc 
PEAR in all time periods. Nutritional quality of meat and bone meal is superior in terms 
of CP, EE, methionine, and lysine contents. Meat and bone meal has at least twice as 
high CP, methionine, and lysine than NO. Moreover, meat and bone meal has ten times 
higher lipid content than NO floc PEAR.  
5.5.8. Whole Spirulina maxima and NO floc PEAR vs. Hydrolyzed Feather Meal 
 
 
Figure 45. Comparison of whole Spirulina maxima value, NO floc PEAR value, and 
the price of hydrolyzed feather meal 
 
            Prices of whole Spirulina maxima and hydrolized feather meal are generally 
comparable and the results are illustrated in figure 45. Approximately half of the time, 
whole Spirulina maxima has a higher price than hydrolized feather meal. The two prices 
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almost converge at one point in the second quarter of 2010. This result was expected, as 
the nutritional qualities of the two commodities are very similar. Hydrolized feather 
meal has slightly higher content of crude protein and ether extract, whereas whole 
Spirulina maxima has better balanced amino acid profile, with higher content of both 
methionine and lysine.  
            On the other hand, hydrolyzed feather meal is priced higher than NO floc PEAR 
in all time periods. Nutritional quality of former is much superior than that of latter. The 
difference is noticeable especially in CP content. Hydrolyzed feather meal has four times 
higher CP content than NO floc PEAR.  
5.6. Conclusion 
            Aquaculture has the highest rate growth among all other sectors of the food 
industry. Fishmeal is a vital component in the feed diet and since the last decade the 
world production of fishmeal has been stable. The growth of aquaculture and relatively 
stable fishmeal production has caused a substantial increase in fishmeal prices. 
Aquaculture has been seeking alternatives for fishmeal replacement and extensive 
research has been conducted from various individuals and institutions for the last three 
decades. 
            The purpose of this research was to utilize the existing feed meals in the market 
to calculate the value of whole algae and post extracted algae meal based on its 
nutritional value in aquaculture. Estimated prices of whole and post extracted algae in 
this research can be used in feasibility studies to calculate the realistic potential 
profitability of algae farms. 
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            The results indicated that, for thirty two time periods, the values of whole algae 
and PEAR were between $170 to $599 and $70/ton, respectively. The range of price 
difference between menhaden fish meal and whole Spirulina maxima was $342 to 
$940/ton over the sample period. The range of price difference between menhaden 
fishmeal and NO floc PEAR was $426 to $1193 over the sample period. Whole Spirulina 
maxima was priced higher than soybean meal in all periods. The range of price 
difference between whole Spirulina maxima and soybean meal was $10 to $148/ton over 
the sample period. On the other hand, soybean meal was priced higher than NO floc 
PEAR in all time periods and the range of price difference was between $45 to $213/ton. 
            Fully substituting a fishmeal with a plant based feed meal, including algae, is 
virtually impossible.  Previous research shows that there is a progressive decline in fish 
performance when dietary incorporation of plant based meal including algal meal rises 
above 15-25%. Total replacement of fishmeal by algal meal generally shows poor 
growth responses. Apart from commonly observed impaired growth, the use of algae as 
the sole source of protein in fish feed can also result in malformation. 
            As described in previous research, whole algae have the potential to compete and 
fully substitute soybean meal and other plant based meals in aquaculture diets (even 
though the share of plant based meals in aquaculture is approximately 10-20%). On the 
other hand, nutritional value of post extracted algae meal in aquaculture is limited. 
Compare to soybean meal, whole algae have a higher crude protein and lipid content 
which are both necessary in the diet and algae have better balanced amino acid profile, 
making algae an attractive choice among plant based meals.   
 144 
 
 
6.  ECONOMIC FEASIBILITY OF TOBACCO PLANT FOR BIOFUEL 
PRODUCTION AND HIGH VALUE SQUALENE 
 
6.1. Introduction 
            Rising energy costs and policies to reduce dependence on foreign energy supplies 
has dramatically increased the domestic production of plant-based fuels as an alternative 
fuel source. Fossil fuels are becoming scarce resources and the prices have been 
gradually increasing. Moreover, the energy sector is one of the largest contributors to 
greenhouse gas emissions, and a major reason for climate change. Global demand for 
energy is expected to increase by at least 50% over the next 20 years, and this increase is 
mainly driven by rapid population growth and industrial development in developing 
countries (Bracmort 2012). Alternatives for fossil fuels have been sought after for 
decades. Biofuels have been considered one the most promising possibilities for solving 
the problem. The U.S. is searching for solutions in biofuels because these fuels are 
renewable which, means society would not need to worry about the destruction or 
depletion of a precious resource. Moreover, the EU decided to increase the share of 
renewable fuels to 20% by 2020. On the other hand, the U.S. is committed to increase 
the amount of biofuels it uses from 9 billion US gallons to 36 billion by 2022 (Bracmort 
2012).  
            Currently, biofuels are produced from different types of biomass, including 
sugar-cane, corn, vegetable oil, algae, wood, to name a few. Ethanol production is the 
major plant based-biofuel that has been considered as an alternative source. With the 
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current available technology, virtually all ethanol is derived from corn. The long-term 
projections indicate that about 34-41% of domestic corn production would be allocated 
to ethanol (Wisner et al. 2012). Because corn is also a food source, it will affect 
consumers through price increases. Considering a nonfood alternative for biofuel 
production is critical. The tobacco plant has a potential as a source of a renewable 
energy. In particular, tobacco leaves contain hydrocarbon molecules that can be 
converted into a fuel that will be ready to use as a substitute for a petroleum fuel. The 
tobacco plant has at least four advantages in terms of biofuel production:  
1. Unlike other biofuels made from corn, soybean, and other crops, tobacco would 
not affect a major food source.  
2. Tobacco generates multiple harvests per year and produces a large biomass. 
3. Tobacco is amenable to genetic engineering which means that in the long-run its 
leaves can store more hydrocarbon molecules than are currently present.  
4. Tobacco cultivation has been widely known and it is grown in large tracts 
throughout the South and Eastern U.S, as well as more than 100 countries.  
            The main hydrocarbon of interest contained in a tobacco plant is squalene. 
Squalene is an isoprenoid compound structurally similar to beta-carotine and it is an 
intermediate metabolite in the synthesis of cholesterol. Squalene has its clinical 
applications, mainly used as an adjunctive therapy in variety of cancers (Kelly 1999). 
Brito et al. (2011) also discuss the importance of squalene use in emulsion adjuvants. 
Squalene is also shown to have antioxidant, drug carrier, detoxifier, skin hydrating, and 
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emollient characteristics (Kim and Karadeniz 2012). Squalene extracted from tobacco 
plant does not have to be used for biofuel production and can be commercialized 
directly, given its clinical uses. 
6.2. Objective of the Study 
            As such, the objective of the study is to estimate economic feasibility of biofuel 
production from tobacco plant leaves and economic feasibility of high value squalene 
production.  To achieve this objective, the study are being conducted:  
1. Model the cost of tobacco production for biomass for five acres. 
2. Estimate the cost of squalene extraction from the plant on a per acre basis. 
3. Estimate the cost of squalene refining for the finished motor fuel per U.S. gallon. 
4. Conduct stochastic simulations to characterize the probability of profitable 
production of finished fuels and high value squalene from tobacco biomass.  
Tobacco biomass yield and squalene value are critical stochastic variables for 
these simulations. 
5. Conduct preliminary pro-forma financial statements for the years of 2014-2023 
and analyze the overall economic feasibility of the projects.  
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6.3. Literature Review 
            Work related to biofuel and squalene production form tobacco feedstock is 
limited, however some authors have analyzed the chemical properties of producing 
biofuel from tobacco seeds and plant leaves. At the time of this manuscript writing, there 
exists no single study that addresses the economics of renewable fuel production from 
the tobacco plant and high value squalene. 
            Adrianov et al. (2009) explored engineering approaches to enhance the oil 
content in tobacco green tissues for biofuel production. Typical tobacco plant leaves 
contain 1.7% to 4% of oil per dry weight. The plants were engineered to overexpress one 
of two genes: the diacyglycerolacytransferase (DGAT) gene or the LEAFY 
COTYLEDON 2 (LEC2) gene. The DGAT gene modification led to about 5.8% of oil 
per dry weight in the leaves, which approximately doubled the amount of oil produced 
normally. The LEC2 gene modification led to 6.8% of oil per dry weight. This study 
strengthens the argument that tobacco plant can be genetically modified to produce more 
hydrocarbon molecules. The authors emphasize that because of its biomass potential and 
the possibilities of further metabolic engineering, tobacco represents an attractive and 
promising energy plant which could also serve as a model for utilization of other high-
biomass plants for production. However, this hypothesis has not been verified from an 
economic standpoint. 
            Several studies have been conducted regarding possible fuel production from 
tobacco seed oil, despite the fact production of oils from seeds is a completely different 
process.                
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            Usta (2005) analyzed the performance and exhaust emissions of a diesel engine 
fuelled with tobacco seed oil methyl ester. The author found that the addition of tobacco 
seed oil methyl ester to the diesel fuel reduced CO and SO2 emissions while causing 
slightly higher NOX emissions. The research also showed that the power and the 
efficiency increased slightly with the addition of tobacco seed oil methyl ester. 
            Veljkovic et al. (2006) found that, biofuel produced from tobacco seeds had the 
fuel properties within the limits prescribed by the latest American (ASTM D 6751-02) 
and European (DIN EN 14214) standards. The authors conclude that tobacco seeds 
might be a valuable renewable raw material for the biodiesel production. 
            Usta et al. (2011) examined the properties of fuel produced from the tobacco 
seeds for motor engine. The authors found that except oxidation, all other properties 
were within the limit of European Biodiesel Standard EN14214.  
            Giannelos et al. (2002) evaluated tobacco seed oil as a feedstock for biodiesel 
production. Tobacco seed contained approximately 38% of oil and the major 
constituents observed by GC analysis were linoleic acid (18:2), oleic acid (18:1) and 
palmitic acid (16:0). The authors investigated the physical, chemical and fuel related 
properties of tobacco seed oil. The results indicated that properties were comparable to 
those of other vegetable oils and to current European specifications for automotive diesel 
fuel. The authors concluded tobacco seed oil may be an appropriate substitute for diesel 
fuel. 
            As mentioned earlier, all these studies discuss about the possibilities of tobacco 
plant having a potential for being a next generation biofuel crop. However, none of these 
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studies actually describe the economic feasibility of the feedstock itself. The current 
study aims to bridge the gap and focus on these issues. 
6.4. Tobacco Production 
            This section describes the variables required for tobacco production. The values 
used in the budget are based upon projected input prices and recommended production 
practices suggested by, the Virginia Cooperative Extension (2012) and North Carolina 
State University Cooperative Extension (2012). The information provided by the 
guidelines was adapted according to the production characteristics associated with more 
dense planting for biomass production, rather than for tobacco for human consumption. 
The variable production costs are composed of two types of costs; preharvest costs and 
harvest costs. Additionally, production is also associated with the fixed costs. The 
detailed costs are based on a machine harvest method and incorporate multiple harvests 
per year. 
            Preharvest costs are typically cash expenses that must be paid annually to 
produce a crop of tobacco prior to harvest. Examples of preharvest variable costs 
include; plants, fertilizer, chemicals, machinery fuel and repairs, hired labor, machinery 
fuel, machinery repairs and maintenance, and labor expenses. These expenses appear 
also in the harvest variable costs section. The guidance on expenses related to machinery 
and labor were obtained from the sources described above and the costs were adjusted 
according to the production sizes discussed later in the research. 
            Drying the tobacco biomass is a major post-harvest cost. Moisture content of the 
feedstock can be anywhere from 70%-80% depending on field and weather conditions. 
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The maximum optimal moisture content for feedstock was assumed to be 80%. 
            Fixed costs are expenses that result from the ownership of equipment and 
buildings. Examples of these costs include depreciation, property taxes, interest, and 
insurance on the machinery. Detailed information on expenses related to each category 
were incorporated in the study. 
6.5. Squalene Extraction 
            Squalene is a natural organic compound originally obtained for commercial 
purposes primarily from shark liver oil. Plant sources are used as well, which include 
amaranth seed, rice bran, wheat germ, and olives. Squalene is also present in the tobacco 
plant in modest concentrations.  
            Developing inexpensive and robust extraction and purification processes is a 
major challenge facing biofuel industries. Over the last ten years, there have been 
advances in technologies for extraction alternatives (Mercer and Armenta 2011).  The 
most common extraction methods are organic solvent extraction, mechanical milling and 
pressing, steam distillation, enzymatic and supercritical fluid extraction.  
            Using organic solvents to separate out various components within a material 
sample is a widely known method. Hexane has maintained its role as the dominant 
solvent for major plant and oil seeds (Anderson 2011). Its use is widespread because 
hexane is a cheap and abundant solvent. Hexane is also very efficient, because it is 
capable of extracting virtually every soluble component from the material. Thus, the 
combination of large availability, very low cost, and simple efficiency has made hexane 
as one of the top alternatives for extraction purposes. However, all these advantages 
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come at a cost. There are several major drawbacks associated with the use of hexane. 
Even with modern technology, some residual hexane can still remain in the final output. 
Residual hexane concentration can be as high as 0.5%. Hexane can also extract 
unwanted materials which can contaminate the final product. This feature requires a 
subsequent purification which can increase unnecessary extraction costs. Environmental 
issues linked to hexane extraction are not uncommon. The daily release of hexane into 
the environment is a severe problem. Even the most modern plants lose up to 0.15% per 
ton of plant material, which ends up in the environment. Lastly, hexane is flammable and 
explosive which makes it a dangerous component. All these disadvantages make the 
hexane extraction method less attractive. Other methods were considered in the study. 
            Steam distillation is a special type of method that is widely used for obtaining 
essential oils from the plant. Steam distillation enables a compound or mixture of 
compounds to be distilled at a temperature substantially below the boiling point of the 
individual constituent. Steam distillation has a practical usage, especially in fragrance 
industry, where essential oils are extracted from different types of plants and flowers that 
contain aromatic flavor. Steam distillation has also been used to extract different types of 
terpenes (e.g. limonene) from the materials. This method is used only if components are 
volatile. Squalene is non-volatile terpene, steam distillation is not an appropriate method 
for an extraction.  
            Supercritical fluid extraction (SFE) technology is an alternative method. Even 
though its unique properties were observed long time ago, only in the last three decades 
has SFE evolved as a novel separation technique. SFE has been used in a variety of 
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products including natural foods, pharmaceuticals, polymers, chemicals, etc. The most 
common application of SFE has been noticed in decaffeination of coffee and tea, 
extraction of essential oils, flavors and aromas from plants (Reverchon 1997). SFE 
technology is characterized as capable of achieving higher purity extracts, having no 
residual solvents, requiring single step processing, reduced operating costs, selective 
fractionation, faster separation, and being environmentally friendly and physiologically 
compatible. A wide range of literature suggests that SFE technology is an appropriate 
method for squalene extraction. In particular, Bhattacharjee, Chattarjee and Singhal 
(2012) used supercritical carbon dioxide extraction technology to separate squalene from 
Amaranthuspaniculatus. The authors used different trials and found that optimized 
conditions of temperature and pressure were 1000 C and 550 bar, respectively.  The 
research suggests supercritical carbon dioxide machine is a suitable method for obtaining 
high squalene recovery from the sample.  
            Vazquez et al. (2007) studied the purification of squalene from deodorization 
process using supercritical carbon dioxide extraction. The authors designed the 
experimental extractions at a temperature of 343 K and pressures ranging from 150 to 
230 bar. Each time, squalene yield was calculated as the ratio between the amount of 
squalene present in the collected raffinate and the amount of squalene fed to the 
extraction column. The results showed the highest squalene recovery was 93%. The 
study mentions supercritical extraction method as an appropriate and an environmentally 
friendly technology, which leaves no solvent contamination in the final product after 
separation. 
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            Rizvi et al. (1986) mention supercritical carbon dioxide extraction is suitable to 
extraction of non-polar compounds with molecular weights of less than 500. Squalene is 
a non-polar compound with a molecular weight slightly above 400.  
            Bhattacharjee and Singhal (2003) studied properties of squalene and its 
extraction through supercritical carbon dioxide plant. The authors extracted squalene 
from Torulasporadelbruckii and emphasize the advantage of supercritical extraction 
machine over the solvent extraction. The latter is time-consuming and requires large 
volumes of organic solvents. The maximum yield of squalene was obtained at a 
temperature of 600 C and pressure of 250-255 bar, with constant flow rate of 0.21 min-1 
of carbon dioxide.  
            Mercer and Armenta (2011) analyzed the advantages of supercritical fluid 
extraction machine over other extraction methods. The authors emphasize SFE produces 
highly purified extract that is free of potentially harmful solvent residues. Extraction and 
separation is quick, as well as safe for thermally sensitive products. The other advantage 
mentioned is supercritical fluid extraction takes advantage of the some chemical behave 
as both a liquid and a gas, and have increased solvating power when they are raised 
above their critical temperature and pressure points. The study mentions that, carbon 
dioxide is favored because of its relatively low critical temperature and pressure 
compared to other alternatives. The authors emphasize that one restriction to 
supercritical CO2 extraction is the level of moisture in sample. High moisture content 
reduces contact time between solvent and the sample. The fact that tobacco plant has a 
high moisture content, it has to be dried prior to supercritical fluid extraction.  
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            Cathpole, von Kamp, and Grey (1997) carried supercritical carbon dioxide for 
continuous extraction of squalene from shark liver oil in both laboratory and pilot scale. 
The authors obtained the highest extraction yield over 95% at conditions of 250 bar and 
333 K.  
            Bondioli et al. (1993) extracted squalene from olive oil deodorization distillate 
by supercritical carbon dioxide extraction. The process has been carried out on a pilot-
plant scale with a column operating in the contercurrent mode. The authors used a flux 
ratio of 30 kg CO2/kg sample as the best compromise between cost and yield of product 
and shows that for a given CO2 flux ratio the increase of cost related to the higher 
amounts of CO2 used was not accompanied by a corresponding increase in yield or 
purity of squalene. The study concludes that the supercritical extraction process is viable 
process for a squalene extraction. 
            He, Corke, and Cai (2003) used a supercritical carbon dioxide to extract the oil 
and squalene from Amaranthus grain. The study shows that extraction rate increased 
linearly with increasing of carbon dioxide flow rate from 1 to 2L/min. Increasing the 
flow rate above 2L/min did result in only slight increase of the extraction rate. The 
highest squalene yield and concentration were obtained at 500C and 200 bar. The 
extraction method was compared to solvent extraction and key differences were 
identified.  
            Akgun (2011) presented the extraction results of squalene from olive oil 
deodorizer distillate using supercritical fluid extraction. Experiments were conducted in 
the temperatures of 40-600C, pressures of 120-180 bar and CO2 flow rates of 3-7 
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mL/min. The optimal results were obtained at a temperature of 52.050C, pressure of 
104.8 bar and extraction of 180 min. The author emphasizes that the proposed extraction 
method is better, faster and cheaper compared to other available alternatives.  
            Norhidayah et al. (2012) used supercritical fluid extraction to recover squalene 
from palm fatty acid distillate. The purpose of a study was to investigate the effect of 
supercritical carbon dioxide variables namely, pressure, temperature and squalene 
concentration to optimize processing procedure for extraction. The results showed that 
the overall optimum region was achieved at pressure of 200 bar, temperature 500C and 
90 minute extraction time.  The authors describe the properties of supercritical fluids as a 
promise of quick extraction, improved separations, lower operating costs, and broad 
industrial applications. The research also emphasizes the fact that supercritical extraction 
offers rapidity, flexibility more environmentally friendly method than organic solvent 
and ability to allow the analysis of substances which cannot be analyzed by gas 
chromatography. Given the advantages and proven method to extract squalene, SFE 
technology was considered for the analysis.  
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Figure 46. A simplified CO2 extraction plant (adapted from Karale et al. 2011) 
 
            A simplified process-scale SFE system is shown in figure 46, and the process 
goes as follows. Dry tobacco biomass is charged in the extraction tank which is equipped 
with temperature controllers and pressure valves at both ends which keeps desired 
extraction conditions. Then, the extraction tank is pressurized with the fluid using 
pumps. These pumps are required for the circulation of the fluid in the system. The 
components that were solubilized are transferred to the separator from the tank. The 
desired product is then collected through the valve that is located in the lower part of the 
separator. The average extraction cost of squalene from a tobacco biomass and 
information regarding input requirements and approximate cost of extraction were 
obtained from Cybertech Engineering and with personal communication to the 
company’s proprietor Mr. R.S. Deshpande. 
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6.6. Cost of Refining 
            Squalene is too heavy to be used directly in gasoline because it has 30 carbon 
atoms in its backbone. Tracy, Crunkleton, and Price (2011) describe squalene as a 
promising potential precursor to high-octane gasoline because the carbon backbone is 
branched. Branched hydrocarbons are known to have octane numbers superior to linear 
molecules. The authors show that catalytic cracking is a natural route to generate 
gasoline from squalene. Their results indicated that the gasoline obtained from squalene 
has high octane numbers. In particular, the research octane (RON) and motor octane 
numbers (MON) were 96.5 and 84.6, respectively. The result meets the required 
minimums of 91 RON and 82 MON for gasoline.  
            Cost of refining is calculated by breaking down the total cost of a gallon of 
gasoline to obtain the fraction of refining out of the total cost. The cost of gasoline is 
broken down into four components: Crude oil, refining cost plus profits, distribution and 
marketing cost, and taxes. Crude oil margin is the difference between the monthly 
averages of the composite refinery acquisition cost, which is basically the average price 
of crude oil paid by oil refineries. Refining cost and profits is the difference between the 
monthly average spot price of gasoline after it exits the refinery and the average price of 
crude oil purchased by refineries. Distribution and marketing costs and profits is the 
difference between average retail price of gasoline as computed from U.S. Energy 
Information Administration’s (EIA) weekly survey and the sum of the other two 
components. The fourth component is taxes, which is a monthly national average of 
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federal and state taxes applied to gasoline and diesel. According to EIA, the cost 
breakdown of gasoline and diesel as of January, 2014 are represented in table 49. 
 
Table 49. Cost Breakdown of Gasoline and Diesel as of January 2014 
 
Source: EIA (2014) 
 
            Based on the information provided in table 49, the cost of refining can be 
estimated accounting for the fraction of diesel and gasoline that could be refined from 
squalene. Following Tracy, Crunkleton, and Price (2011); Hillen et al. (1982); and 
Banerjee et al. (2002), 65% of gasoline and 35% of diesel is assumed to be refined from 
extracted squalene. This leads to an estimated cost of refining to be approximately $0.36 
- $0.38/gallon, or as $16/barrel equivalent.  
6.7. Tobacco Yield 
            Because there is no market for tobacco yield that requires dense planting, the 
yields were simulated using the GRKS distribution. The GRKS is a parametric, two-
piece normal distribution and has been used extensively for studying project feasibility 
analysis (Richardson et al. 2007). The GRKS is similar to the triangle distribution and 
has the same parameters, minimum, middle, and maximum values. However, it is 
different from the triangle distribution, because GRKS accounts for uncertainties and 
Regular Gasoline (January 2014) Diesel (January 2014)
Retail Price: $3.34/gallon Retail Price: $3.9/gallon
Taxes 11% 12%
Distribution and Marketing 7% 16%
Refining 15% 12%
Crude Oil 67% 60%
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allows the stochastic values to go below and above the assumed minimum and maximum 
values, respectively. The assumed minimum, middle, and maximum were obtained from 
the trials conducted by Mundell and Chambers (2011) at Kentucky Research Institute. 
The results from trials conducted by the Kentucky Research Institute. Tobacco yield 
range was 55,000 to 150,000 pounds per acre. Given limited yield data is available, the 
GRKS distribution was used for the yield simulation and the assumed minimum, middle 
and maximum values were 55,000, 90,000, and 150,000 pound per acre, respectively. 
Moreover, a 6% growth rate was incorporated each year to account for technological 
increases over time.    
𝑌𝑖𝑒𝑙?̃?𝑡𝑜𝑏𝑎𝑐𝑐𝑜~⁡𝐺𝑅𝐾𝑆(55, 90, 150)                                                                               (6.1) 
6.8. Squalene Yield 
            Extraction volume can be estimated with high precision after its content is 
determined because squalene is a non-volatile compound. Increased squalene content 
can be analyzed in the long-run without accounting for volatile hydrocarbon yields. As 
mentioned in the literature review, Adrianov et al. (2009) was able to increase the oil 
content in the plant up to 6% in a short time span. A high squalene content in the long-
run is a realistic assumption. For the tobacco biofuel market, 20% of squalene content 
per dry matter was assumed for the analyses. With regards to the high value squalene, 
three scenarios were considered. The first scenario uses a conservative approach and 
assumes that current squalene content, 2% per dry matter, experiences modest growth 
over time and reaches only 6% by 2023. The second scenario assumes that squalene 
grows moderately and reaches 10% by 2023. The third scenario analyzes an aggressive 
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growth and assumes that squalene content will reach 20% per dry matter by 2023. 
Changes in squalene content will mainly affect the cost of refining. Production and 
extraction costs will basically remain unchanged, because expenses are heavily 
dependent on the biomass amount itself.  
6.9. Diesel, Gasoline, and Squalene Prices 
            Diesel and gasoline values were simulated to determine the likelihood of price 
movements.  Although there are many ways to simulate the fuel prices, a Markov 
process were shown to provide a good prediction in terms of accuracy, as well as 
dynamic information about the market (Mostafei, Kordnoori, and Ostadrahimi 2011; 
Gonzalez, Roque, and Garcia-Gonzalez 2005; Aleksandrov, Espinoza, and Gyurko 
2013) . Following a Markov process, only the present value of a variable is relevant for 
predicting its value in the future. Following the basic generalized Wiener process, the 
prices of gasoline and diesel will be simulated as follows: 
𝑙𝑛𝑃𝑡+1 − 𝑙𝑛𝑃𝑡 = 𝜎𝜀(∆𝑡)
1/2                                                                                          (6.2) 
where, 𝑙𝑛𝑃𝑡 is a natural logarithm of the gasoline/diesel price observed in period t;⁡𝜎⁡is 
the annualized variance of diesel/gasoline price obtained from the past observations; ∆𝑡 
means a small change in period time t; and 𝜀 is a correlated standard normal deviate 
obtained by factored covariance matrix between gasoline and diesel multiplied by a 
standard normal draw. Taking 𝑙𝑛𝑃𝑡 on the right hand and exponentiating both sides, the 
stochastic process follows as: 
𝑃𝑡+1 = 𝑃𝑡𝑒𝑥𝑝
𝜎𝜀√∆𝑡                                                                                                        (6.3) 
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The simulated prices are path dependent, where  
𝑃𝑡+2 = 𝐸(𝑃𝑡+1)𝑒𝑥𝑝
𝜎𝜀√∆𝑡                                                                                              (6.4) 
            Simulating the squalene prices is more challenging because a long history of the 
series data is not available, compared to fuel prices. The prices of squalene $/gallon was 
obtained from three companies (Majestic Mountain Sage, Whole Spectrum, and From 
Nature with Love). Traditionally, shark livers are processed to obtain squalene, which 
has increased shark hunting. Due to environmental concerns, surrounding shark hunting, 
the extraction of squalene from vegetable sources have been motivated. Determining the 
value of sqalene in the future is highly uncertain. The GRKS distribution was used to 
simulate the squalene prices given the limited information available. The three scenarios 
were considered for the study. Using a conservative approach, the minimum observed 
price was used as the maximum value in GRKS distribution, that is, $268/gallon. The 
low and middle values were chosen randomly, $100 and $175, respectively. The second 
and third scenarios incorporate price decay functions to account for possible supply 
growth from plant based squalene and environmental regulations regarding squalene 
production from sharks. In particular, the second scenario assumes that squalene value 
will decline gradually and the average price difference by 2023 will be 50% lower than 
the current price. The third scenario also assumes that squalene value will decline 
gradually and the average price difference by 2023 will be 57% lower than the current 
price. In total, 9 scenarios will be analyzed in the study. 
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6.10. Financial Statements 
            The estimated random variables were used to construct the stochastic pro-forma 
financial statements for a 10-year time horizon. The rates required to inflate the 
components of tobacco production were obtained from Food and Policy Research 
Institute (2013).  Several key output variables (KOV) were calculated to assess overall 
feasibility of the project. In particular, the result is a distribution for each of the key 
output variables such as, yields, stochastic present value of ending net worth, stochastic 
net cash income, stochastic net cash flow, stochastic net worth, stochastic present value 
of ending net worth, and net present value (NPV). The distributions of key output 
variables are crucial for analyzing feasibility of future business decisions under risk. To 
estimate the aforementioned variables, income statement, cash flow statement, and 
balance sheet are required for the analysis. The NPV is calculated as follows: 
𝑁𝑃𝑉 = −(𝐵𝑒𝑔𝑖𝑛𝑛𝑖𝑛𝑔𝑁𝑒𝑡𝑊𝑜𝑟𝑡ℎ) + ∑
𝐷𝑖𝑣𝑖𝑑𝑒𝑛𝑑𝑠𝑡
(1+𝑟)𝑡
+
𝐸𝑛𝑑𝑖𝑛𝑔𝑁𝑒𝑡𝑊𝑜𝑟𝑡ℎ
(1+𝑟)10
10
𝑡=1                      (6.5) 
 
Equation 5.5 is calculated by adding the present value of ending net worth and total 
discounted dividends, and subtracting the beginning net worth. The discount rate in the 
analysis was 8% as suggested by other feasibility analysis (e.g. Richardson et al. 2007). 
Annual dividends and farmer withdrawals are generated as a fraction of the beginning 
net worth and, as a bonus, from positive annual net cash income (NCI). If the value of 
NPV is greater than zero, the business is considered an economic success (Richardson 
and Mapp 1976). 
            To obtain the beginning net worth, the summation of the initial assets is required. 
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The assets are tobacco drying equipment, the CO2 plant, and the harvesting machinery. 
It was assumed that a share of the initial capital needed to operate the business is 
financed from a loan. The loan share was assumed to be 60% for all the equipment, 
yielding a beginning liability. The beginning liability is subtracted from the initial asset 
value, and any initial cash reserves are added, to yield beginning net worth.  
6.10.1. Income Statement 
            Among the three financial statements required for the analysis, estimating the 
pro-forma income statement is the first step. The revenues are estimated from stochastic 
diesel and gasoline prices, and stochastic fuel production. The revenues for high-value 
squalene market are estimated from stochastic squalene production and stochastic 
squalene price. 
            The expenses are composed of, preharvest and harvest expenses, tobacco drying 
expenses, squalene extraction cost, land rent, total operating expenses, and the interest 
expenses. The interest expenses consist of the interest from the original loan, the interest 
paid on the operating loan, and the interest paid on the deficit loan from the previous 
year. The operating loan is meant to cover a portion of production, operating, and fixed 
expenses. The portion of fixed operating expenses covered annually was obtained from 
Richardson, Johnson, and Outlaw (2012).      
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6.10.2. Balance Sheet 
            The annual forecasted net worth comes from the pro-forma balance sheet and is 
the difference between of the stochastic value of assets and liabilities.  The annual value 
of assets is estimated from the cash reserves and the value of plant equipment. Total 
capital assets (beginning net worth) for the process unit are $850,000 and, as mentioned 
previously, will be financed with 40% equity and 60% debt at a 7.5% interest rate over a 
10 year period. If net cash income is positive, investors receive a dividend equal to 5% 
of net cash income each year. The initial capital investment in assets includes CO2 plant, 
machinery harvester, and the drying equipment. Annual ending cash reserves are 
conditional on positive NCFs coming from the cash flow statement.  
            The annual value of liabilities is calculated by summing total deficit loans and 
the equity loan balance. The deficit loan is acquired to cover negative NCFs and, 
condition on the next year’s NCF, is fully paid in one year. The equity loan balance is 
the remaining balance in a given year after paying the principal and interest from the 
previous year.  
6.10.3 Cash Flow Statement 
            The NCF discussed in the balance sheet section comes from the pro-forma cash 
flow statement. NCF is the difference between cash inflows and outflows. Cash inflows 
are the summation of net cash income coming from the income statement, beginning 
cash, and the interest earned conditional on positive cash reserves from the previous 
year. Cash outflows are the summation of principal payments on the original loan, the 
fully paid deficit loan from the previous year, dividends, and income tax. Income taxes 
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are estimated from taxable income. The taxable income is estimated by subtracting the 
annual depreciation from net cash income. If the difference is positive, income tax must 
be paid, otherwise it is zero.  
6.11. Results 
6.11.1. Economic Feasibility of Biofuel Production 
            As described earlier, diesel, gasoline, squalene, yield and the production costs 
were simulated with the respective distributional assumptions over the 10-year horizon. 
Stochastic pro-forma financial statements were constructed and summary statistics of the 
KOVs are presented in table 50. Results indicate the potential production of biofuel from 
tobacco is unrealistic, even if average production is 150,000 pounds of biomass per acre. 
The summary statistics shown in the table indicate average net cash income is negative 
for every iteration, given the minimum and the maximum values are in between -
$85,557 and -$69,572, respectively. The average ending cash is also negative, and the 
range of the distribution is between -$525,852 and -$455,158. Large cash outflows are 
mainly caused by the increasing short term debt generated due to negative ending cash 
balance observed in previous years. As a result of increasing carry-over debt, the 
liabilities exceed the assets, yielding negative ending net worth by year of 2023. The 
range of average ending net worth is between -$338,812 and -$268,118. Considering the 
pro-forma financial statements generated unfavorable results, the average NPV is highly 
negative, yielding a zero probability of economic success 
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Table 50. Summary Statistics of the Key Output Variables Obtained from Pro-Forma 
Financial Statements for Tobacco Biofuel Market 
 
 
6.11.2. High Value Squalene Market 
            The summary statistics of average KOVs obtained from the pro-forma financial 
statements are presented in table 51. As expected, the average net cash farm income is 
highly sensitive to, both, the squalene content per dry matter and the squalene price. The 
mean net cash income is negative for scenarios, 1 and 2, and positive for scenarios, 3 
through 9. Probability of positive net cash income is 0 for scenarios, 1 and 2. This result 
is not surprising given that scenarios, 1 and 2, assume a modest growth of squalene 
content per dry matter and the sharp decline in squalene price over time. However, the 
probability of positive average net cash income ranges from 74% to 100% for scenarios 
3 through 9. The squalene growth rate per year plays a crucial role in the magnitude of 
the key output variable. In particular, regardless of the squalene price analyzed in the 
study, the probability of positive average net cash income is 100% when the squalene 
growth rate is assumed to be 2% per year.  
            The average ending cash is negative for scenarios, 1 through 7, and positive for 
scenarios, 8 and 9. The results show that the average ending cash is highly responsive to 
the squalene content per dry matter and relatively less dependent on the squalene price. 
Average Net Cash Income Average Ending Cash Average Ending Net Worth NPV
Mean (78,935) (496,734) (309,694) (683,875)
Standard Deviation 2,901 11,794 11,794 13,438
Coefficient of Variation (3.68) (2.37) (3.81) (1.96)
Minimum (85,557) (525,852) (338,812) (714,546)
Maximum (69,572) (455,158) (268,118) (640,505)
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Holding the average squalene price decrease rate at 10% per year fixed, the probability 
of positive ending cash increases from 0% to 38% as the squalene growth rate 
assumption changes from 1% to 2% per year. On the other hand, assuming the average 
squalene price remains unchanged, the probability of positive ending cash increases 
from 3% to 100%.  
            The third part of table 51 summarizes the present value of ending net worth for 
the 9 scenarios. The average PENW is negative for scenarios, 1 through 5 and positive 
for scenarios, 6 through 9. PENW is highly responsive to both, squalene content per dry 
matter and squalene price. In particular, assuming a squalene growth rate of 1% per year, 
the probability of positive PENW increases from 13% to 100% as the average squalene 
price drops from 10% to 0% per year. On the other hand, the probability of a positive 
PENW improves from 13.6% to 100% as the squalene growth rate changes from 1% to 
2% per year, holding the average price drop fixed at 10% per year. Even though both of 
these comparisons have same numerical improvements, changing the probability from 
13% to 100%, squalene growth rate has a larger impact on the overall value. The results 
also indicate the probability of PENW being greater than the BNW is zero for scenarios, 
1 through 5 and only 1.8% and 3.6% for scenarios, 6 and 7, respectively. On the other 
hand, the results improve for scenarios, 8 and 9 as probability of PENW being greater or 
equal than the BNW is 20.6% and 99.6%, respectively. 
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Table 51. Summary Statistics of Key Output Variables Obtained from Pro-Forma Financial 
Statements Under the 9 Scenarios 
 
 
            The summary statistics for the NPV across the 9 scenarios are presented in table 
52. The results indicate the squalene content per dry matter is the most critical 
component in the analysis. In particular, when squalene content increases by 2% per 
year, the mean NPV is positive regardless of the squalene price used in the study. Price 
plays a critical role in the analysis, but squalene content has a greater impact on the 
overall feasibility of the project. Notice the NPV improves (less negative) as the 
squalene content increases and the average price drop declines. In particular, for 
scenarios, 1 through 6, the average NPVs improve from -$616,987 to -$10.048. On the 
            Average Net Cash Income
Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 Scenario 7 Scenario 8 Scenario 9
Squalene growth rate 0.45%/year 0.45%/year 0.45%/year 1%/year 1%/year 1%/year 2%/year 2%/year 2%/year
Price decline rate 10%/year 8.2%/year 0%/year 10%/year 8.2%/year 0%/year 10%/year 8.2%/year 0%/year
Mean (48,963) (40,272) 10,592 12,917 27,453 112,493 119,724 143,367 283,107
StDev 8,901 9,710 15,200 14,864 16,399 26,328 24,621 27,113 45,455
CV (18) (24) 144 115 60 23 21 19 16
Min (71,749) (65,947) (32,545) (26,028) (16,331) 39,491 54,544 70,804 150,727
Max (26,541) (15,302) 53,550 51,923 71,200 194,001 189,260 224,143 435,330
P(NCI > 0) 0.0% 0.0% 74.5% 80.1% 95.6% 100.0% 100.0% 100.0% 100.0%
Average Ending Cash
Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 Scenario 7 Scenario 8 Scenario 9
Squalene growth rate 0.45%/year 0.45%/year 0.45%/year 1%/year 1%/year 1%/year 2%/year 2%/year 2%/year
Price decline rate 10%/year 8.2%/year 0%/year 10%/year 8.2%/year 0%/year 10%/year 8.2%/year 0%/year
Mean (544,060) (517,769) (383,246) (325,076) (290,300) (125,384) (22,782) 20,698 262,484
StDev 45,358 47,075 54,141 60,352 61,409 67,619 74,326 76,673 97,188
CV (8) (9) (14) (19) (21) (54) (326) 370 37
Min (659,662) (635,377) (524,158) (480,059) (449,642) (296,108) (212,750) (176,097) 19,017
Max (423,629) (393,601) (249,475) (174,802) (140,547) 33,528 154,789 203,151 533,132
P(EC>0) 0.0% 0.0% 0.0% 0.0% 0.0% 3.1% 38.2% 61.0% 100.0%
Present Value of Ending Net Worth 
Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 Scenario 7 Scenario 8 Scenario 9
Squalene growth rate 0.45%/year 0.45%/year 0.45%/year 1%/year 1%/year 1%/year 2%/year 2%/year 2%/year
Price decline rate 10%/year 8.2%/year 0%/year 10%/year 8.2%/year 0%/year 10%/year 8.2%/year 0%/year
Mean (334,679) (294,809) (85,488) (68,272) (15,901) 239,510 277,560 343,973 742,216
StDev 41,037 44,408 56,449 57,840 59,468 76,635 72,444 78,827 131,682
CV (12) (15) (66) (85) (374) 32 26 23 18
Min (440,026) (413,150) (258,907) (231,117) (187,306) 31,993 90,317 141,711 383,390
Max (233,763) (184,221) 63,753 77,586 137,161 472,926 476,280 571,917 1,171,063
P(PENW > 0) 0.0% 0.0% 6.4% 13.6% 38.5% 100.0% 100.0% 100.0% 100.0%
P(PENW > BNW) 0.0% 0.0% 0.0% 0.0% 0.0% 1.8% 3.6% 20.6% 99.6%
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other hand, the mean NPVs scenarios, 7 to 9, go from $6,427 to $581,197. Although 
scenario 6 results in a negative NPV, the probability of the project being feasible is 43%, 
due to its high standard deviation ($83,399). 
 
Table 52. Summary Statistics of NPV for 9 Scenarios 
 
 
            In addition to looking at the average NPV values, it is important to look at their 
entire distribution to assess the risk component of each scenario. Richardson and Mapp 
(1976) used the probability of economic success, defined as the likelihood that NPV was 
greater than zero, to rank different risky alternatives. The results of the simulation, 
presented as cumulative distribution functions (CDF), indicated that there is a wide 
range of possibilities of a positive net present value ranging from 0% to 100%. As 
illustrated in figure 47, probability of success for scenarios, 1 through 5, is 0 and 
probability of success is 43% for scenario 6. On the other hand, probability of success 
for scenarios, 7, 8 and 9, is 63%, 89%, and 100%, respectively. Even though scenario 9 
has a 100% probability of success, nevertheless it has the strongest assumptions. In 
particular, scenario 9 requires growth of squalene content by 2% per year and assumes 
that the average price of squalene will remain unchanged over the 10-year time horizon. 
Scenario1 Scenario2 Scenario3 Scenario4 Scenario5 Scenario6 Scenario7 Scenario8 Scenario9
Squalene growth rate 0.45%/year 0.45%/year 0.45%/year 1%/year 1%/year 1%/year 2%/year 2%/year 2%/year
Price decline rate 10%/year 8.2%/year 0%/year 10%/year 8.2%/year 0%/year 10%/year 8.2%/year 0%/year
Mean (616,990) (576,929) (360,005) (342,848) (286,989) (10,048) 31,350 104,036 539,251
StDev 42,077 45,725 60,100 61,552 63,678 83,399 79,530 86,714 144,173
CV (7) (8) (17) (18) (22) (830) 254 83 27
Min (727,385) (693,361) (503,557) (483,223) (434,176) (208,219) (150,967) (96,938) 188,030
Max (473,490) (425,902) (181,755) (166,002) (101,530) 253,317 272,204 370,174 984,484
P(Success) 0.0% 0.0% 0.0% 0.0% 0.0% 43.1% 63.8% 88.9% 100.0%
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The most realistic scenarios among the 7, 8, and 9 is scenario 7, assuming the squalene 
content reaches 20% per dry matter by 2023 and the price will gradually decline, on 
average by 10% per year, as a result of increased supplies. However, scenario 7 has the 
largest coefficient of variation due to relatively smaller average NPV compared to the 
scenarios, 8 and 9.  
 
 
Figure 47. Cumulative distribution function approximation of the net present value 
for 9 Scenarios 
 
6.12. Conclusion 
            The objective of the study was to estimate economic feasibility of biofuel and 
high squalene production from tobacco plant leaves. By achieving this objective, the cost 
of production was modeled and cost of squalene extraction was calculated per acre basis. 
In case of biofuel production, cost of squalene refining was calculated for finished motor 
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fuel per U.S. gallon. Stochastic simulations was conducted to characterize the 
probability of profitable production of finished fuels and high value squalene from 
tobacco plant leaves. The biomass yield and squalene value was considered a critical 
variable for these simulations. Stochastic pro-forma financial statements were conducted 
for years 2014-2023 and NPV was calculated to assess overall feasibility of the projects. 
            Results indicate even with the strongest assumptions of 20% yield of squalene 
per dry matter and the average yield of 150,000 pounds of biomass with a 6% yearly 
growth rate, the economic success of renewable fuel production from tobacco plant 
leaves is unrealistic. The average net cash income, the average ending cash, and the 
average ending net worth were negative for the 10 year time horizon. Probability of 
economic success, i.e. Prob.(NPV>0), was zero, meaning that use of tobacco plant 
leaves as a source of biofuel is not attractive.  
            Given the clinical applications of high value squalene, the hydrocarbon does not 
have to be refined for a fuel production and may be commercialized given its uses. Nine 
scenarios were analyzed to assess the economic feasibility of high value squalene 
production from tobacco leaves. The results showed that if 2% squalene growth is 
achieved per year, i.e. reaching 20% by 2023, the average NPV is positive regardless of 
the price changes analyzed in the study. In particular, if squalene value drops by 10% per 
year, on average, and squalene content per dry matter increases by 2% per year, 
probability of economic success is 63%. If squalene value drops, on average, by 8.2% 
per year and squalene content per dry matter increases by 2% per year, probability of 
economic success is 89%. However, if squalene value remains stable over the 10 year 
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period and squalene per dry matter keeps increasing by 2% per year, probability of 
economic success is 100%.  
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7.  SUMMARY AND LIMITATIONS 
 
7.1. Summary 
            The first part of this dissertation examines the impact of feed cost shocks on the 
U.S. beef and dairy sectors. The results suggest the feed cost shocks increased the 
number of animal slaughters in the short-run, which put upward pressure on the beef 
production at the beginning. As a result of the lower expected returns, fewer beef heifers 
were retained and less fed cattle were slaughtered by the feedlots. Beef production 
decreased by 179 million pounds on average, in the long-run compared to the base 
scenario. The higher feed costs decreased the feeder steer price in the short run, on 
average, by $3.90/cwt and increased the fat cattle price. No major changes were 
observed at the retail level. The long-run impact on the average milk production was 1.7 
billion pounds lower as a result of RFS2 mandate. 
            Welfare evaluation on different market participants suggest that the RFS2 
mandate has a substantial impact on feedlots, moderate impact on the milk producers, 
and a minor affect on the cow-calf producers. In particular, the aggregate nominal loss of 
welfare for the feedlots is 43% as a result of the feed cost shocks, 16% for milk 
producers, and 4% for cow-calf producers.  
            The second part of this dissertation estimated the values of whole algae and post 
extracted algae residue for aquaculture. Fishmeal is a major feed ingredient in 
aquaculture diets and the growth of aquaculture and moderate fishmeal production has 
increased the fishmeal prices substantially. Additionally, plant based meals have been 
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incorporated in fish diets to partially replace fishmeal. Algae has a potential to substitute 
plant based meals. Results suggest that whole Spirulina maxima has a higher nutritional 
value than soybean meal and the range of price difference between whole algae and 
soybean meal was $10 to $148/ton over the sample period. On the other hand, soybean 
meal was priced higher than PEAR in all time periods and the range of price difference 
was between $45 to $213/ton. 
            The third part of the research analyzed the economic feasibility of biofuel and 
high value squalene production from tobacco plant leaves. Results indicate even with the 
strongest assumptions of 20% yield of squalene per dry matter and the average yield of 
150,000 pounds of biomass with a 6% yearly growth rate, the profitability of biofuel 
production from tobacco is not viable. Given the clinical uses of squalene, the study also 
explored the economic feasibility of the hydrocarbon. After running 9 scenarios, results 
suggest that that if 2% squalene growth is achieved per year, the average NPV is positive 
regardless of the price changes analyzed in the study.  
7.2. Limitations of the Study 
            In Sections 3 and 4, the empirical framework of the U.S. beef and dairy models 
provided an useful welfare implications due to feed cost shocks. Likewise, results in 
these parts of the model provide a long run projections of the aforementioned markets. 
Those results, however, suffer from important limitations that must be acknowledged 
and discussed.  
            First, given the model is partial equilibrium, it is restricted to particular fields, 
beef and dairy sectors and ignores the effect of other livestock industries. For example, 
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changes in hog and broiler markets can have a substantial impact on the beef and dairy 
sectors. Thus, the study lacks the interrelations among these parts of the economy. 
            Second, the projected corn and soybean meal prices were exogenously 
incorporated in the study. More appropriate way would be to merge the models into one 
and endogenously solve feed prices as well. 
             Third, the study pre assumed the structure of left hand side and the right hand 
side variables. However, Wang and Bessler (2006) argue that if price (quantity) is found 
to cause quantity (price), then quantity (price)-dependent functions can capture the 
fundamental market structure. 
            In Section 5, the values of whole algae and post extracted algae residue were 
determined and the main conclusion was that the value of whole algae is higher for 
aquaculture compared to the value of PEAR. However, it is difficult to accept the 
conclusions that whole algal biomass is valued more than the PEAR as these two are not 
coming from the same species. Because there is no access to data that could compare the 
same species of both whole algae and PEAR, the improvement of the study will be left 
for the future research.  
            Moreover, the research ignored the fact that there can be algae-specific qualities 
that might influence the prices but are not reflected in hedonic methodology. This could 
either understate or overstate the true value of the feedstock. 
            In Section 6, the economic feasibility of biofuel and high value squalene 
production from tobacco was analyzed. Even though the research has interesting 
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implications, the study was analyzed on a small scale basis and generalizations of the 
results on a large scale basis might be arguable. 
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APPENDIX A 
TABLES 
 
 
Table A-1. Projected Values of  Beef Sector Under the Baseline and Alternative Scenarios for the Years of 2013 - 2023
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Beef Cows (thousand head)
Baseline 24,403 25,303 25,650 25,457 25,519 25,698 25,857 25,993 26,116 26,248 26,367
Alternative 24,403 25,303 25,617 25,427 25,501 25,721 25,928 26,108 26,266 26,419 26,546
Cattle and Calves (thousand head)
Baseline 89,299 88,112 87,223 86,319 86,390 86,540 86,596 86,624 86,648 86,675 86,706
Alternative 89,299 88,112 87,223 86,366 86,507 86,799 86,977 87,111 87,196 87,246 87,264
Calf Crop (thousand head)
Baseline 33,930 33,936 33,833 33,847 33,823 33,790 33,755 33,718 33,686 33,663 33,645
Alternative 33,930 33,936 33,852 33,926 33,965 33,993 34,002 33,991 33,968 33,940 33,904
Cattle slaughter (thousand head)
Baseline 32,458 32,148 32,432 32,036 31,964 32,041 32,092 32,117 32,127 32,148 32,155
Alternative 32,458 32,148 32,391 31,998 31,941 32,069 32,180 32,260 32,311 32,357 32,374
Beef Cow Slaughter (thousand head)
Baseline 3,180 3,224 3,233 3,218 3,231 3,237 3,243 3,246 3,244 3,249 3,244
Alternative 3,180 3,224 3,216 3,206 3,215 3,233 3,246 3,257 3,261 3,270 3,267
Cattle prices (dollars per Cwt.)
Fat Steers 
Baseline 126.00 126.68 126.69 130.70 131.76 132.93 133.98 135.18 136.32 137.38 138.59
Alternative 126.00 122.99 123.85 126.45 128.54 129.49 130.89 132.19 133.69 135.11 136.79
Feeder Steers
Baseline 159.00 150.31 152.52 154.38 156.96 159.93 162.62 164.39 169.47 170.06 174.18
Alternative 159.00 154.78 155.56 158.53 159.77 162.34 164.11 165.28 169.71 169.79 173.45
Cow price, Sioux Falls
Baseline 83.40 80.24 79.99 82.54 83.81 84.96 85.96 86.69 88.58 88.83 90.38
Alternative 83.40 79.81 79.87 82.26 83.47 84.36 85.10 85.60 87.34 87.54 89.11
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Table A-1. Continued
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Receipts 
Baseline 861.1 748.7 759.3 769.3 780.6 794.4 806.8 815.1 838.2 841.1 860.1
Alternative 861.1 765.1 771.0 784.9 791.5 803.6 812.5 818.5 839.3 840.3 857.8
Expenses 
Baseline 622.3 549.0 552.5 565.3 579.0 592.5 600.0 599.1 623.1 611.9 636.5
Alternative 622.3 542.8 548.4 559.4 574.7 588.2 596.7 596.3 621.0 610.5 635.6
Marginal Returns 
Baseline 238.8 199.8 206.8 204.0 201.5 201.9 206.8 215.9 215.2 229.2 223.5
Alternative 238.8 222.3 222.6 225.6 216.8 215.4 215.8 222.1 218.3 229.9 222.2
Beef production (million pounds)
Baseline 24,403 25,302 25,650 25,456 25,513 25,688 25,844 25,980 26,105 26,238 26,359
Alternative 24,403 25,302 25,617 25,425 25,494 25,709 25,911 26,090 26,247 26,399 26,527
Beef imports (million pounds)
Baseline 2,285 2,658 2,817 2,888 2,918 2,931 2,935 2,935 2,937 2,935 2,935
Alternative 2,285 2,659 2,817 2,888 2,919 2,932 2,937 2,938 2,940 2,939 2,939
Beef exports (million pounds)
Baseline 2,534 2,431 2,437 2,460 2,537 2,606 2,669 2,727 2,779 2,834 2,910
Alternative 2,534 2,430 2,429 2,455 2,536 2,617 2,691 2,760 2,822 2,882 2,958
Beef retail price (cents per pound)
Baseline 528.90 539.33 536.41 555.96 564.42 571.91 580.32 589.55 599.12 608.39 614.96
Alternative 528.90 541.43 538.56 557.57 565.32 571.06 577.55 585.03 593.26 601.71 607.95
Beef per capita consumption (pounds)
Baseline 53.53 56.36 56.19 55.89 55.84 55.63 55.40 55.16 54.90 54.66 54.49
Alternative 53.53 56.35 56.15 55.88 55.84 55.68 55.48 55.27 55.02 54.79 54.62
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Table A-2. Projected Values of Dairy Cows and the U.S. Milk Production Under the Baseline and Alternative Scenarios for the Years of 2013 - 2023
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Dairy Cows U.S. (thousand head)
Baseline 9,217 9,207 9,191 9,159 9,137 9,116 9,105 9,101 9,104 9,111 9,130
Alternative 9,217 9,207 9,204 9,199 9,195 9,189 9,185 9,184 9,187 9,190 9,200
Top 10 States
California (thousand head)
Baseline 1,781 1,800 1,815 1,824 1,833 1,840 1,849 1,858 1,867 1,877 1,887
Alternative 1,781 1,800 1,818 1,832 1,846 1,857 1,867 1,877 1,887 1,896 1,905
Wisconsin (thousand head)
Baseline 1,270 1,273 1,275 1,276 1,277 1,277 1,278 1,278 1,278 1,278 1,279
Alternative 1,270 1,273 1,276 1,277 1,278 1,278 1,278 1,278 1,279 1,279 1,279
New York (thousand head)
Baseline 610 609 609 608 607 606 606 605 605 605 605
Alternative 610 609 609 608 608 607 607 607 606 606 606
Idaho (thousand head)
Baseline 572 582 589 593 598 603 608 613 619 625 631
Alternative 572 582 590 597 604 610 616 622 628 634 639
Pennsylvania (thousand head)
Baseline 535 535 535 536 536 536 536 536 536 536 536
Alternative 535 535 536 536 536 536 536 536 536 536 537
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Table A-2. Continued
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Minnesota (thousand head)
Baseline 464 464 464 462 460 459 458 457 456 456 456
Alternative 464 464 464 464 463 463 462 461 461 461 460
Texas (thousand head)
Baseline 435 431 427 424 422 420 419 419 419 419 419
Alternative 435 431 428 425 423 421 420 420 419 419 419
Michigan (thousand head)
Baseline 380 380 380 380 380 380 381 381 382 384 388
Alternative 380 380 380 380 381 381 382 382 383 385 390
New Mexico (thousand head)
Baseline 320 323 327 329 330 331 332 334 335 337 338
Alternative 320 323 328 331 333 334 336 337 338 339 339
Ohio (thousand head)
Baseline 270 267 264 260 257 255 253 251 250 250 249
Alternative 270 267 264 262 260 258 256 255 254 253 253
Milk production U.S. (million poudns)
Baseline 201,186    205,078  207,495    209,554  211,829     214,100    216,596    219,253   222,066    224,971    227,933   
Alternative 201,186    205,078  207,761    210,417  213,088     215,723    218,383    221,123   223,922    226,759    229,600   
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Table A-3. Projected Values of Dairy Prices Under the Two Scenarios for the Years of 2013 - 2023
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Minimum FMMO prices (dollars per hundredweight)
Class I mover 
Baseline 19.22 17.47 17.76 18.12 18.16 18.34 18.47 18.55 18.59 18.60 18.42
Alternative 19.22 17.47 17.72 17.98 17.93 18.03 18.12 18.17 18.20 18.21 18.06
Class II price
Baseline 19.92 17.93 18.46 18.82 18.86 19.04 19.17 19.25 19.29 19.30 19.12
Alternative 19.92 17.93 18.42 18.68 18.63 18.73 18.82 18.87 18.90 18.91 18.76
Class III price 
Baseline 18.55 17.47 17.35 17.69 17.62 17.92 18.13 18.23 18.22 18.15 17.68
Alternative 18.55 17.47 17.23 17.26 16.94 17.01 17.09 17.12 17.11 17.07 16.68
Class IV price 
Baseline 18.79 16.78 17.27 17.61 17.67 17.84 17.96 18.03 18.06 18.06 17.91
Alternative 18.79 16.78 17.24 17.49 17.46 17.56 17.64 17.69 17.72 17.72 17.59
All milk price 
Baseline 21.80 18.72 19.00 19.35 19.36 19.57 19.72 19.81 19.84 19.82 19.57
Alternative 21.80 18.72 18.94 19.14 19.02 19.12 19.20 19.25 19.27 19.27 19.05
Wholesale price (cents per pound)
Butter 
Baseline 156.00 159.57 164.49 166.53 164.54 166.29 168.10 169.47 170.34 170.63 167.60
Alternative 156.00 159.57 164.00 164.72 161.47 162.05 163.03 163.86 164.47 164.73 161.90
Cheese, American
Baseline 177.00 180.45 179.32 181.99 181.53 183.92 185.52 186.27 186.22 185.62 181.93
Alternative 177.00 180.45 178.34 178.56 176.07 176.66 177.24 177.47 177.39 177.06 173.96
Nonfat dry milk 
Baseline 171.83 156.98 150.68 153.84 155.30 156.55 157.21 157.48 157.50 157.40 156.86
Alternative 171.83 156.98 150.48 153.14 154.17 155.08 155.59 155.82 155.88 155.86 155.45
Evaporated and condensed milk 
Baseline 180.00 188.56 187.28 186.31 184.54 183.27 181.84 180.25 178.50 176.62 174.09
Alternative 180.00 188.56 187.18 185.97 184.02 182.60 181.09 179.47 177.73 175.87 173.39
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Table A-4. Projected Supply and Demand Utilisations of Dairy Products Under the Two Scenarios for the Years of 2013 - 2023
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Production (million pounds)
Butter
Baseline 1,867 1,868 1,882 1,900 1,916 1,933 1,951 1,969 1,987 2,006 2,022
Alternative 1,867 1,868 1,883 1,902 1,919 1,936 1,955 1,973 1,992 2,010 2,027
Cheese, American
Baseline 4,419 4,493 4,564 4,621 4,675 4,732 4,794 4,859 4,928 4,999 5,069
Alternative 4,419 4,493 4,568 4,635 4,698 4,763 4,829 4,897 4,966 5,036 5,104
Nonfat dry milk
Baseline 2,145 2,112 2,146 2,174 2,202 2,229 2,256 2,285 2,315 2,346 2,378
Alternative 2,145 2,112 2,146 2,175 2,206 2,236 2,266 2,296 2,327 2,359 2,391
Evaporated and condensed milk
Baseline 654 653 651 649 647 646 645 644 643 643 642
Alternative 654 653 651 650 649 647 646 646 645 644 644
Per capita consumption (pounds)
Butter
Baseline 5.70 5.59 5.58 5.58 5.59 5.60 5.60 5.60 5.61 5.61 5.62
Alternative 5.70 5.59 5.58 5.59 5.60 5.61 5.61 5.61 5.62 5.62 5.63
Cheese, American
Baseline 13.52 13.50 13.61 13.65 13.73 13.78 13.84 13.90 13.98 14.06 14.18
Alternative 13.52 13.50 13.62 13.69 13.80 13.87 13.94 14.01 14.09 14.17 14.28
Nonfat dry milk
Baseline 3.75 3.64 3.62 3.62 3.63 3.65 3.67 3.69 3.72 3.76 3.79
Alternative 3.75 3.64 3.63 3.63 3.64 3.66 3.69 3.72 3.74 3.77 3.81
Evaporated and condensed milk
Baseline 1.83 1.72 1.69 1.66 1.64 1.62 1.59 1.57 1.55 1.52 1.51
Alternative 1.83 1.72 1.69 1.67 1.64 1.62 1.60 1.57 1.55 1.53 1.51
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Table A-4. Continued
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Exports (million pounds)
Butter
Baseline 104 110 108 107 107 107 107 107 107 107 107
Alternative 104 110 108 107 107 108 108 108 108 108 108
Cheese, American
Baseline 153 161 165 167 169 170 171 172 173 175 176
Alternative 153 161 165 168 170 172 173 174 176 177 178
Nonfat dry milk
Baseline 980 912 961 991 1010 1024 1035 1045 1055 1065 1075
Alternative 980 912 961 991 1011 1026 1039 1050 1061 1071 1081
Evaporated and condensed milk
Baseline 53 55 58 60 62 64 66 68 70 72 75
Alternative 53 55 58 60 62 64 67 68 71 73 75
Ending Stocks (million pounds)
Butter
Baseline 121 121 120 119 120 120 119 119 119 119 120
Alternative 121 121 120 120 121 121 121 121 121 121 122
Cheese, American
Baseline 616 627 629 630 631 632 632 633 635 636 638
Alternative 616 627 629 630 632 633 634 636 637 638 640
Nonfat dry milk
Baseline 181 189 188 187 188 189 191 192 194 196 197
Alternative 181 189 188 188 189 190 192 193 195 197 198
Evaporated and condensed milk
Baseline 38.00 39.22 39.66 40.05 40.51 40.91 41.32 41.74 42.16 42.59 43.06
Alternative 38.00 39.22 39.68 40.10 40.59 41.01 41.43 41.85 42.27 42.69 43.16
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APPENDIX B 
FIGURES 
 
 
Figure B-1. Simplified beef flow diagram 
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Figure B-2. Simplified U.S. dairy flow diagram 
 
